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 Abstract 
The study at hand focussed on A356.0 industrial and high production die 
casting alloy.  Since the birth of metal casting, numerous researchers have 
addressed the multiple phenomena that influence the casting quality and 
mechanical properties of castable alloys. This study harnessed research 
findings on A356.0 alloy and the aluminium family as a whole, to improve the 
casting soundness of the component already in the production process. The 
local foundry showed interest in understanding solidification and quality of 
A356.0 alloy fluxed with NaCl+KCl melt cleaning flux plus 4 of TiB2 5:1 master 
alloy grain refining rods and A356.0 alloy processed with KCl+Ti (presumably 
KCl+TiB2) grain refining flux plus 4 of TiB2 5:1 master alloy rods. 
Numerical analysis was used to define the progressive nature and directional 
solidification of the alloy using MAGMA5. MAGMA5.3 virtual optimisation 
capabilities were used for development of future component casting methods 
and procedures to solve macro- and microporosity evident on the casting. To 
find a direct link between the virtual and foundry environment, a preliminary 
study was conducted on a simple foundry stage of cone billet casting for both 
alloys with and without mould/casting interface coating. The findings indicated 
that A356.0 maintained its shrinkage volume percentage at mould 
temperatures above 300 °C, but progressively increased at temperatures 
below. Furthermore, thermal insulation coat (also used on Right Hand Side 
[RHS] mould of the foundry component) influenced the shrinkage distribution 
on the casting while localised at the centre on non-coated mould/casting 
interfaces for both KCl+Ti and NaCl+KCl melt fluxed A356.0 at similar 
percentage shrinkage for mould temperatures greater or equal to 300 °C. 
Near thin foundry castings for both flux treatments indicated similar mechanical 
properties at similar casting stages. The mechanical properties of both 
conditions seemed to degrade as a function of die casting period. Secondary 
dendrite arm spacing microstructure parameter for NaCl+KCl and KCl+Ti 
fluxed alloy averaged 40 μm and 35 μm respectively across all test zones. 
However, individual SDAS definitions per test zone indicated possible micro 
II 
 
segregation on NaCl+KCl fluxed alloy and instantaneous solidification as a 
result of constitutional supercooling on alloys fluxed with KCl+Ti alloy. 
The growth rate solidification parameter was symmetrical about the centre of 
the component, where the centre of the component experienced an 
exponential drop from the top (away from the filling gate) to the bottom (near 
the filling gate) of the component. 
A virtual approach to tooling geometrical design indicated a weak influence on 
both micro- and macroporosity. However, the introduction of low thermal 
capacity, high heat transfer at Left Hand Side [LHS] tooling and a new cooling 
system arrangement indicated a higher influence in achieving sound casting. 
Knowledge gained in this study will improve local foundry competitiveness and 
introduce cost effective virtual approach foundry developments. The study will 
also introduce new methods for industrial research and position Nelson 
Mandela University as a leader in this field. 
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Chapter 1 Project Overview 
1.1. Introduction 
This study will cover directional solidification for automotive aluminium casting 
section using “MAGMA5” for computational analysis. A close control and focus 
on grain size, shrinkage porosity, oxides, eutectic phase distribution and 
hydrogen porosity will be of utmost interest to improve casting soundness and 
physical properties [1]. The dissertation will focus on improving component 
quality of a casting that is already in the manufacturing process and solving 
future unforeseen complications of Al7SiMg (A356.0 equivalent) die casting 
components of similar design. 
1.2. Project Objectives 
The intention of this project is to develop and analyse directional solidification 
of A356.0 die casting for 14 mm thick automotive component. The objective is 
to optimise current tooling by computational analysis for the selected 
component, thereby assisting the local foundry to reduce scrap rate, to be 
more competitive and to produce castings that are suitable for the export 
market. 
The simulation will focus on virtual optimisation for tooling and casting cavity 
to drive or achieve directional solidification of the component in question. 
Additionally, the methodology developed should be adaptive, such that other 
foundry projects of similar alloy, casting and tooling design can benefit from 
the knowledge gained. 
1.3. Research Significance 
This casting project will contribute knowledge, understanding and benefit the 
Nelson Mandela University (NMU) and South African Casting Simulation 
Network (CSN) in the following fields: 
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1.3.1. Industry   
The knowledge gained in this research will benefit industry through skills 
development, establishing modelling techniques minimising “trial and error” 
type approaches and creating an improved understanding of casting quality 
and tooling design for Al7SiMg alloys. Additionally, it will further improve the 
competitiveness of the South African aluminium casting industry.   
1.3.2. Research Foundry 
The foundry involved in this research is one of the few foundries in South Africa 
that is part of the Casting Simulation Network (CSN), which promotes the 
development and implementation of computational analysis of casting 
processes. This work should result in reduced scrap and allow for improved 
quality in die casting of similar components of Al7SiMg Aluminium alloy. 
1.3.3. Nelson Mandela University (NMU) 
Casting Simulation Network and the Light Metals Development Network 
(LMDN) are working hand-in-hand with Nelson Mandela University (NMU) to 
develop capabilities and an understanding of casting processes as proposed. 
1.4. Hypothesis 
Computational analysis and cavity optimisation to achieve directional 
solidification in a cast aluminium alloy [Al7SiMg] component will improve 
foundry first time pass in successful production.  
1.5. Literature Review 
1.5.1. Mould Design (Tooling) 
When the molten aluminium enters the mould in a die casting process, a high 
degree of thermal wave, stresses and chemical reactions are unevenly 
distributed across the mould wall that may lead to buckling, out gassing, 
pressurization, cracking, explosions, disintegration and chemical attack [2]. 
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The survival of a saleable casting is only guaranteed by the strenuous efforts 
of the casting engineer such as localised application of thermal insulation, 
same or different tooling types of mould steel and morphology of cooling 
system to ensure that the moulding and casting processes are appropriate, 
and are under control [2]. 
Only aspects that introduce defects or influence the material properties of the 
casting during interaction with the mould will be considered. Actions that result, 
for instance, in the deformation of the casting such as quenching will not be 
considered.  
The casting cavity filling will also not be included in this study since the die 
casting process of this component, as addressed in this study, is considered a 
perfect filling system for casting cavities.  Work on aluminium bronze casting 
has shown empirically that these alloys retain their quality when the metal 
enters the mould cavity through vertical gates at speeds of up to 60 mm/s [2]. 
1.5.2. Cavity Design (Casting) 
During cavity design, the study will consider how the metal changes state from 
liquid to solid, and how the solid develops its structure, together with its pore 
structure due to the precipitation of gas (i.e. hydrogen) [3]. Thereafter, the 
project will consider the problems of the usual volume deficit on solidification, 
and the so-called shrinkage problems that lead to a different set of void 
phenomena, sometimes appearing as porosity [4]. 
This highlights the problem of how to organize the descriptions of the complex 
but interrelated phenomena that occur during the solidification of a casting. 
The study could be organized in many different ways. For instance, under 
normal circumstances the gas and shrinkage contributions to the overall pore 
structure are complementary and additive [5]. This fact could be used as an 
advantage in the case of hydrogen additions to the melt for shrinkage porosity 
morphology across the casting cavity.  
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1.5.3. Aluminium Cast Alloys 
The solidification morphology, cavity optimisation and computational analysis 
are proposed for Al7SiMg alloy also known as A356.0 or LM25. Within the 
design of the alloy (A356.0), composition limits are the foundation or true 
definition of the alloy cast-ability, casting soundness and available solid phase 
morphologies [microstructure definition of both the primary and secondary 
(alpha and beta) phase as a result of alloy modifiers] [6]. 
In this case, we will consider the effectiveness of foreign elements (inclusions) 
which lead to possible nucleation sites and influence the alloy microstructural 
definition, solidification morphology and reduce chances of hydrogen 
entrapment [7].  
1.5.4. Computational Analysis (using MAGMASOFT) 
Computational analysis includes powerful modular simulation software, as well 
as engineering services for casting design and optimisation. Currently, 
computational analysis for castings is used throughout the metal casting 
industry, especially for the optimisation of cast components in automotive and 
heavy industry applications. 
1.5.4.1. Optimisation 
A parameter study and a systematic investigation of process conditions for the 
casting section will be carried out in the virtual foundry environment for manual 
and autonomous optimisation. MAGMA5will be used for computational study 
and virtual optimisation of the casting cavity design within foundry standards 
and production. MAGMA is a worldwide developer and supplier of software for 
casting process simulation [8]. 
1.6. Problem Statement 
The foundry in question has numerous years of casting experience in the 
casting industry. Currently, the foundry is facing the challenge of ever 
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increasing complex design of automotive components by designers, which 
leads to major complications in the casting process. Production percentage of 
these components in the foundry can be considered fair, but it is reached after 
a costly “trial and error” process. 
It is commonly understood by foundrymen  and casting engineers that the 
casting profile should motivate the understanding of directional solidification of 
these components during casting. Theoretically, the casting section should 
solidify from the upper position A towards B as shown in Figure 1.1. 
 
Figure 1.1: Cross sectional view of the research component with arrows showing 
solid/liquid interface for directional solidification component to achieve sound 
casting. 
In order that all three parameters (casting cavity, die design and force cooling 
process) complement one another for successful casting, complex 
mathematical methods and/or years of industry experience are required, but it 
remains a time-consuming process for the foundry. Therefore, foundries apply 
simple mathematical methods compelled on foundry experience, which can 
lead to casting complications such as localised macro- and microporosity on 
the identified positions in Figure 1.1. 
Conclusively, the foundry lacks or needs a computational tool aligned to their 
process and alloy to accelerate product development time, reduce 
development costs and educate foundry men on non-visual solidification 
parameters on their components such that, the components similar to the one 
Bottom feed 
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in question (refer to Figure 1.1) may not experience macro and microporosity 
as things stands.  
1.6.1. Casting Process Analysis  
A close focus to casting manufacturing process will allow a proper process test 
setup, sampling and optimisation for both virtual and foundry environment 
processes to fully address the research question at hand effectively. 
1.6.2. Aluminium Alloy [A356] Solidification Behaviour Analysis 
Final casting microstructures for most aluminium alloys, which include the alloy 
in question are effectively addressed in most literature studies. However, most 
foundries further process or chemically modify these alloys to fit certain final 
castings microstructures and physical properties.  
Therefore, a preliminary study to address the microstructure and solidification 
morphology (solidified in room conditions without feeders to compensate for 
shrinkage) of the castings for melts treated with KCl+Ti and NaCl+KCl master 
alloys will be analysed for computational adjustments, calibration and 
optimisation. 
1.6.3. Solidification Analysis of Component 
In this part of the analysis, manipulation of the casting process for components 
will be at the discretion of the foundry, but kept constant for each casting 
(KCl+Ti and NaCl+KCl flux treated) batch. However, the manipulation of 
different cooling rates at the area of study will be performed in four stages to 
monitor the effect of different heat flux contents. The process cooling rates will 
cover preferred casting process for either KCl+Ti or NaCl+KCl treated alloy 
melt batches. The offset cooling processes will cover process, maximum, 
minimum and no cooling application. 
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1.6.4. Sampling Optimisation and Research Question Analysis 
In this section of work, a batch of KCl+Ti and NaCl+KCl flux treated casting 
sections manufactured by the foundry preferred process will be collected and 
analysed within the optimised sampling method learnt from Chapter 4 
(“Solidification Analysis of Component”).  
1.6.5. Research Component Virtual/Computational Optimisation 
Lastly, computational optimisation will be performed within technology 
development achieved in the study. 
1.7. Delimitations  
The research will only focus on non-heat treated Si7 aluminium alloy [Al7SiMg] 
casting and on the automotive casting geometry provided by the foundry. 
Tooling/Die material will also be kept on a foundry preferential bracket during 
development. Research and development will be confined to the foundry 
casting environment and standards. Necessary testing will be conducted at 
Casting Simulation Network selected technology station/s and in the foundry 
under approved test standards. Computation will be done on MAGMASOFT 
simulation environment. 
1.8. Solution Methodology 
1.8.1. Phase 1: 
Identify an appropriate industrial partner for this master’s study. The industrial 
collaborator must be an automotive casting foundry that requires development 
of tooling and casting cavity modification by computational analysis to achieve 
sound casting. 
1.8.2. Phase 2: 
Identify the topic to be investigated, one that needs to benefit the foundry 
through advanced computational analysis, allowing for further application of 
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knowledge towards growing the computational capability in South African 
foundries. Parties involved will gain further understanding on developing the 
foundry technology through process simulation, as well as further 
understanding of Al7Si0.45Mg alloy casting. 
1.8.3. Phase 3: 
Conduct literature surveys on aluminium castings, mould design, die casting 
and computational analysis. In this phase, the focus will be on gathering 
existing available information on the chosen study and that of the testing 
equipment. Cost feasibility at this stage will be of utmost interest. 
1.8.4. Phase 4: 
Investigation and laboratory testing should be undertaken as follows: 
• Identify and collect current process data. 
• Identify Scraped foundry casting and conduct basic tests. 
• Perform software model calibration.  
• Perform model virtual optimisation.  
• Follow optimised casting procedures and do laboratory testing.  
Laboratory testing outlined in this phase may run in cycles until the proposed 
study is completed.    
1.8.5. Phase 5: 
In this phase, the collection and processing of the data collected during the 
study will be expressed in the master’s dissertation. The dissertation will 
document the objectives of the study, approach, results and findings of the 
research.  
The research methodology outlined in the above phases and its sub – 
problems are detailed in Appendix A: Proposal. 
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1.9. Summary 
The research study will focus on computational analysis and directional 
solidification to optimise a currently in-production automotive A356.0 casting. 
To effectively address the proposed research: casting process analysis, 
aluminium alloy solidification behaviour, research component solidification 
behaviour and the research question at optimised sampling will be of utmost 
interest to calibrate computational software (MAGMA5) for foundry future 
projects and solve macro- and microporosity of the research component 
proposed.  Virtual optimisation for the foundry casting cavity, tooling material 
and design, and cooling system distribution and its management will later be 
addressed to propose an approach to solve the complications experienced by 
the component in question.   
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Chapter 2 Literature Review 
2.1. Introduction 
Within this review, the necessary literature covering computational analysis 
using MAGMA5 as well as the necessary adjustments on the default MAGMA 
database is addressed. Additionally, literature on the directional solidification 
and tooling of Al7SiMg die casting in question is covered.  As proposed, the 
study aims to improve automotive components that are often produced by 
aluminium alloy die casting and suffer repeated loading. In this regard, die 
casting defects largely influence mechanical properties [9]. 
2.2. Die Casting 
Die casting is the product as well as the process followed to achieve the final 
product. Die casting is achieved by feeding molten metal (alloy) into casting 
cavity trimmed die casting capable steel, either through gravity assist or a 
controlled pressure from the bottom of the casting (refer to Figure 1.1). Die 
casting forms part of permanent mould processes as indicated in Figure 2.1. 
Die casting technology is in the process of rapid technology development and 
is also used for high production quantities. The process advantages include 
production of high quality castings, good surface finished castings and easy 
manipulation of microstructure which improves the mechanical properties of 
the final casting [9]. As such, the process is understood as the shortest time 
between the melt and the final product. 
 
Figure 2.1: Methods of casting processes tree. 
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2.2.1. Advantages of Die Casting 
• Excellent dimensional accuracy 
• Smooth cast surfaces (Ra 1 – 2.5 micrometres) 
• Achievement of thinner walls of up to 2 mm 
• Reduction or elimination of secondary machining operations. 
• High production rates 
2.3. Mould Design (Tooling) 
On the proposed study casting section (Figure 1.1), the melt passes through 
the industry-accepted die casting practises and systems such as sprue 
designs, runner system, feeder/feeding system, ceramic filter and a gating 
system. However, the most influential system/s for the solidification 
phenomena in die casting study component, is the runner design responsible 
for the melt flow method and increased casting modulus as compared to raw 
casting profile. The study section fundamental design includes permanent 
moulding, cooling and higher modulus on the runner system which is located 
at the bottom of the research section for continuous feeding through the gate. 
This means that the solidification of the die casting in question should be 
towards the gate as indicated in Figure 1.1. The design must allow continuous 
melt feeding during solidification to achieve sound die casting. The feeding 
system introduced for the component in question assisted in the avoidance of 
shrinkage porosity via programmable logic controller [plc] intensification 
pressure. The timing and positioning of the system play a crucial role in 
improving cost, casting yield and soundness.  
2.3.1. Cavity and Tooling Design 
The casting interface  in Figure 1.1 or Figure 2.21 is between hot boxed 1.2343 
tool steel [X38CrMoV5 equivalent] and partially insulated GG25 cast iron [GJL-
250 equivalent] on the inner (LHS mould side) and outer  (RHS mould side) 
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surfaces consecutively. Across the study, LHS and RHS moulds will be the 
terms used to refer to each of the above tooling setups.  
The outer surface of the tool steel during the casting process is susceptible to 
higher convection heat transfer as a result of the high-speed air used to force 
cool other parts of the casting. As such, the use of hot boxing which protects 
the outer surface of the tool steel from being undercooled is used. This concept 
is also placed to assist the offset of centreline porosity as discussed in John 
Campbell and Richard A. Harding ref [10] for better product quality control.  
2.4. Directional Solidification  
Directional solidification in most research casting practises is achieved by 
controlled cooling. Production die casting, however, uses advance tooling and 
cavity design to assist with the objective of achieving directional solidification 
and sound casting. These conditions give rise to solid nuclei that appear at the 
mould wall as a result of mould wall/alloy low thermal gradient interface [11]. 
As a result, progressive solidification may result to both columnar and 
equiaxed dendrites (see Figure 2.2) favouring directional solidification of some 
crystals which remain favourably oriented for growth under directional heat 
flow conditions due to mould design and/or casting modulus [11].  
During crystal growth and solidification of metal castings, it is suggested that 
thermal and kinematic factors are considered to determine whether the growth 
will be inhibited or accelerated [12]. In a spherical or needle like configuration, 
metal particles are reported to behave differently depending on their location 
within the composition of the melt at the liquid/solid interface or in the solid 
[12]. In addition, metals such as aluminium and copper are known to retain 
their single structure (face centered cubic, FCC) [12].  Therefore, the work 
presented in the ASM handbook 2008 under Interface Kinetics indicates the 
well-known fact that dendrites for cubic metals exhibit crystallographic 
orientation <100> axes and branches probably related to their slight growth 
anisotropies [13]. The ASM handbook 2008 on dendritic structures further 
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extrapolates about solidified casting dendrites in a given region to form from 
the same initial crystal and give rise to one grain when the solidification is 
complete [11]. These favourably orientated grains are known to produce a 
columnar zone in a casting, and they exhibit texture in cubic metals [14]. 
 
Figure 2.2: Schematic of microstructure zone formation in castings. Directional 
solidification conditions give rise to a columnar zone, while an equiaxed zone is 
formed at the centre where the liquid is undercooled [11]. 
2.5. A356.0 Aluminium Casting Alloy 
A356.0 aluminium cast alloy composition is composed of: 0.20 Cu max, 0.25 
to 0.45 Mg, 0.10 Mn max, 6.5 to 7.5 Si, 0.20 Fe max, 0.10 Zn max, 0.20 Ti 
max, 0.05 maximum for each inclusion, weight percent sum of 0.15 for all 
inclusions present on the alloy and the difference will be the remaining balance 
for Al [15].  
Exceeding impurity limits such as copper or nickel decreases ductility and 
corrosion resistance, whilst high iron content will decrease strength and 
ductility of the casting [15]. Typical uses of A356 castings are found in aircraft 
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structures, engine controls, nuclear energy installations and other applications 
where high strength mould or investment castings are required [15]. 
Mechanical and thermal properties of the casting are expected to be in the 
range stipulated in Table 1 and Table 2. 
Table 1: Mechanical Properties of A356.0 Aluminium Cast Alloy 
Concept Magnitude Ref. 
0.2%. Proof Stress (N/mm2) 185 [15] 
Tensile Stress (N/mm2) 230 [15] 
Elongation (%) 2 [15] 
Impact - [15] 
Brinell Hardness 75 [15] 
Endurance Limit 56 [15] 
Modulus of Elasticity 71 [15] 
Shear Strength 120 [15] 
Note: Properties in excess of those quoted can be obtained with Strontium additions (e.g. – 
Elongation 5%) [15].  
Table 2: Thermal Properties of A356 Alloy 
        Concept Magnitude Ref. 
Liquidus temperature  615 oC [15] 
Solidus temperature  555 oC [15] 
Latent heat of fusion 389 kJ/kg [15] 
The ability to promote solidification of sound casting depends largely on the 
manner in which an alloy solidifies. All alloys therefore are, or can be, classified 
into three types of freeze ranges [16]:  
• Short: liquidus to solidus interval <50 oC, 
• Intermediate: Interval of 50 to 110 oC and  
• Long: Interval > 110 oC [16]. 
From this, we note the equilibrium freeze range of A356 alloy to be about 60 
oC when using the projected values from Table 2, which places the casting 
alloy in the intermediate interval. However, there is a considerable difference 
between the solidus values from Table 2 and Figure 2.3, which then place the 
equilibrium freeze range on short range interval. This results in a considerable 
shift in the eutectic temperature as a result of elements and additives which 
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form the chemistry of the alloy [17]. Many studies suggest that adding solutes 
to a metallic melt usually decreases the liquidus temperature, that is, the 
temperature at which the alloy begins to solidify [17]. 
 
Figure 2.3: Al – Si binary phase diagram showing common foundry and die casting 
alloy compositions 319, 356, 380, 390, and the eutectic alloy 413. Source: Aluminium 
Smelters and Refiners Inc. 
The wide use of 3xx or 3xx.x aluminium alloys is due to their casting properties 
which includes castability, machinability, weldability, hot tearing resistance, 
fluidity, corrosion resistance and good mechanical properties [18]. 
2.5.1. Melt Treatment 
The properties of aluminium–silicon are reported to be strongly dependent on 
the casting process used, the chemical additions made to control eutectic 
structure, the primary silicon and grain structure and the molten treatment to 
reduce hydrogen gas content and to remove inclusions [18].  
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Grain refinement could be achieved using a mechanical method during melt 
solidification (melt agitation), or a thermal method (cooling rate control) or the 
application of a chemical method (grain refiners’ addition) using titanium 
powder compacted with KCl and KBF4 for melt cleaning, eutectic phase 
modification and grain refining [18] [19]. Modifiers and grain refiners for 
aluminium-silicon alloys exist for the following benefits: 
• Improved strength (due to the finer grain making it much tougher to 
crack/tear), 
• Lower porosity (due to better feeding) and 
• Improved castability (due to higher fluidity) [19].  
The opportunity for melt cleaning and eutectic phase modification (refer to 
2.5.8) exists equivalently in aluminium alloys with the use of NaCl, KCl, Sr, Ca 
and NaF compacted powders for cleaning and phase modification based 
agents. 
2.5.2.  Grain Refiners 
N. Iqbal, N.H. van Dijk et al. (2004) studied the role of solute titanium and TiB2 
particles in the liquid – solid phase transformation of aluminium alloys for 
systems of Al – 0.1Ti and Al – 0.15TiB2 (wt%). Their findings revealed that TiB2 
particles in pure aluminium alloys are not effective nucleation sites for Al 
grains during solidification [20]. However, the presence of titanium in Al – 0.1Ti 
system changes the growth rate of crystallisation during solidification [20]. 
The work presented in the ASM handbook Casting Volume 15 of 1998 together 
with John Campbell Casting second edition (2003) ref [21] supports the 
phenomenon of TiAl3 substrates as susceptible to form at high titanium 
concentrations by peritectic reaction during the solidification of aluminium 
alloys, and not only for pure aluminium as is reported in the work of N. Iqbal, 
N.H. van Dijk et al. (2004). 
−α
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Figure 2.4: Al – Ti binary phase diagram [22]. 
Further work on grain refinement of aluminium alloys revealed that grain 
refinement is possible on even higher titanium concentrations above peritectic 
point of 0.15wt% predicted by binary phase diagram of Al–Ti in Figure 2.4 [22]. 
As a result, M. D. Eborall (1949) [23], and D. Qiu, M. X. Zhang, J. A. Taylor et 
al. (2009) [24] reported peritectic systems to often be associated with effective 
grain refinement of the parent metal, such as Al–Ti, Mg–Zr and Mg–Y–Al 
alloys. This  approach (peritectic) has been considered incorrect since the 
addition of far less Ti than its maximum solubility in Al can still produce 
significant grain refinement even though there is no peritectic reaction involved 
[25]. Some studies have reported the mechanism/s which support grain 
refinement and formation of nuclei to be outside the periphery of clear and 
understood science [25]. To this end, the presence of both potent nucleant 
particles (i.e. Al3Ti, Al3Zr, Al3Nb …) and sufficient solutes (i.e. Ti, Zr, Nb …) are 
accepted as essential for grain refinement mechanisms [25].  
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2.5.3. Melt Cleaning Modifying Agents  
The additions of chemical modifiers for secondary phase such as sodium, 
calcium, strontium and antimony on hypereutectic alloys have been reported 
in many studies. However, there has been no agreement on the reaction that 
takes place to the result of a modified eutectic. Some studies have reported 
that modifiers suppress growth of the silicon phase.  
 
Figure 2.5: Effectiveness of sodium and strontium modifiers as a function of time [26].  
Sodium has; however, been agreed to be a superior modifier, followed by 
strontium and calcium respectively [26] [27]. Eutectic modification of 
aluminium–silicon alloys has been reported in Figure 2.5 to be transient when 
artificially promoted by additions of these elements [26]. 
Typical modifiers display somewhat improved mechanical properties in the 
absence of phosphorus when compared to similar unmodified alloys [26]. 
Figure 2.6 illustrates the desirable effects on mechanical properties that can 
be achieved by modification on A356.0 alloy.  
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Figure 2.6: Mechanical properties of as-cast A356 alloy tensile specimens as a 
function of modification and grain size [26]. 
2.5.4. Hydrogen in Aluminium Alloys  
The subject of hydrogen in aluminium-silicon alloy melts is considered to be a 
highly controversial phenomenon especially when considering the effect of 
modifiers on the rate of hydrogen pickup from moisture in the atmosphere [28].  
Eutectic refiners, such as antimony, preserve an advantage which eliminates 
porosity formation by gas fluxing the melt with an inert gas or inert gas chlorine 
mixture to obtain low hydrogen levels without loss of antimony [28] [29].  On 
the other hand, active gasses such as chlorine and Freon rapidly remove 
sodium and strontium from the melt [28].  
Modifying agents usually introduce hydrogen pick up within the melt, and the 
addition of sodium and strontium both result in gassy melts even in the 
application of vacuum-packed form in the case of sodium additions [28].  
In most instances, the increase of hydrogen in the melt occurs when the oxide 
film on an aluminium melt is broken and a reaction takes place with moisture 
in the ambient atmosphere [28].  
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In A356 melts, strontium additions pose a difficult degassing cycle as 
compared to sodium treated melts [30]. However, the use of strontium 
additions within the melt reduces high volume fractions of porosity as 
compared to non – strontium treated melts [30].  
 
Figure 2.7: Hydrogen solubility in aluminium and two of its alloys, showing the abrupt 
fall in solubility on solidification [31].  
In high production foundries, after a degassing stage with the inert gas, a 
controlled concentration of hydrogen may also be added to aluminium alloys 
to promote superficial soundness [32]. The process is based on hydrogen 
precipitation which may alter the form and distribution of shrinkage porosity 
[32].  
2.5.5. Secondary Dendrite Arm Spacing in Directionally Solidified Al – Si 
Alloys.  
R.N. Grugel (1993) reports that the secondary and tertiary dendrite spacing 
( and ) of Al – Si alloys in directionally solidified castings, as a function of 
growth velocity ( ), temperature gradient ( ) and composition ( ), have 
been understood to decrease as imposed growth velocity and silicon 
concentrations were increased [33]. Within the study of R.N. Grugel (1993), 
tertiary arm data was found to agree with coarsening theory and more reliable 
2λ 3λ
V G oC
Chapter 2  Literature Review 
51 
 
solidification history than secondary dendrite arm spacing [33]. Curves which 
characterise local solidification time ( ) as a function of secondary or tertiary 
dendrite arm spacing are stipulated in Figure 2.8 and Figure 2.9  for Equation 
1 and Equation 2 respectively. 
Equation 1: Secondary Dendrite Arm Spacing  
…………………..……………………………………...………….... Eq. 1 
Equation 2: Tertiary Dendrite Arm Spacing  
 ………………………………………………………………..……... Eq. 2 
 
Figure 2.8: Plot of the measured secondary dendrite arm spacing, ( ) as a function of 
local solidification time, ( ). Silicon concentration of 4, 6, 8, 10 and 12  [34].  
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Figure 2.9: Plot of the measured tertiary dendrite arm spacing, ( ) as a function of 
local solidification time, ( ). Silicon concentration of 4, 6, 8, 10 and 12  [34]. 
 
Figure 2.10: Secondary dendrite arm spacing ( ) as a function of silicon 
composition for growth velocities of  29.2, 43, 60.3, 93.6, 156.1 and 301.1 (μm-1) at G = 
15 Kmm-1 [34]. 
3λ
ft %wt
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Figure 2.11: Tertiary dendrite arm spacing ( ) as a function of silicon composition 
for growth velocities of 29.2, 43, 60.3, 93.6, 156.1, and 301.1 (μm-1) at G = 15 Kmm-1 
[34]. 
2.5.6. Constitutional Growth Rate and Solidification Time of Dendrites 
Many studies reported secondary dendrite arm spacing as a measure or 
function of solidification parameter [34]. Later, it was defined to be the cooling 
rate which implied continually changing growth rates and temperature 
gradients at the solidification interface [34].  
3λ
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Figure 2.12: Secondary dendrite arm spacing ( ) as a function of imposed growth 
velocity for silicon concentrations of 4, 6, 8, 10, 12 wt% at G = 15 Kmm-1, and 6 wt% at 
G = 5 Kmm-1 [34]. 
 
Figure 2.13: Tertiary dendrite arm spacing ( ) as a function of imposed growth 
velocity for silicon concentrations of 4, 6, 8, 10 and 12 wt% at G = 15 Kmm-1 and 6 wt% 
for G = 5 Kmm-1 [34]. 
Comparison of different studies found it to be  convenient to relate   
Equation 3 measured SDAS ( ) to growth rate where “ ” was the 
“exponent ( )” for the relationship stipulated in the equation for different 
alloys of Table 3.  
2λ
3λ
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Equation 3: Growth rate 
 ………………………………………………………………………Eq. 3 
Discrepancies in the value of “ ” were later found to be the case of varying 
processing parameters such as temperature gradients within a given system 
and in comparison to others or the ambiguity of measuring secondary dendrite 
arms. The rationalisation of the relationship was found in the R.N. Grugel 
(1993) study to be possible with the aid of Table 4 and observations from other 
studies, neglecting undercoolings and with the measured temperature 
gradients and growth velocities [34]. Furthermore, the 6 wt% Si for freeze 
range 47.2 oC reported in Table 4 is approximates the 50 oC value reported in 
volume 15 ASM Casting handbook of 1998 [16]. Therefore, assuming 
homogeneous solidification phenomenon, local solidification time or time 
available for coarsening in the mushy zone could be computed using Equation 
4.  
Table 3: Comparison of the exponents ( ) measured according to the relationship, 
 for several alloy systems [34] 
System Exponent,      
Pb–5 at % Sb 
 
0.48 – 1.1 
Al–(2.8–8.4 wt%)Si 
 
0.25 
Fe–(0.59 and 1.48% C)  0.37–0.5 
Zn–(6, 5, 8 and 11 wt%)Al   0.32–0.42 
Table 4: Equilibrium freezing ranges for selected Al-Si alloys [34] 
Si (wt %)    (K) 
4  59.2 
6  47.2 
8  31.6 
10  14.1 
12   4.8 
Equation 4: Local solidification time or time available for coarsening in the 
mushy zone   
GVTt f
'∆=  …………………………………………………………………… Eq. 4 
nKV −=2λ
n−
n−
nKV −=2λ
n−
≈ ≈
≈
'T∆
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2.5.7. Formation and Treatment of Oxides 
Aluminium oxides form a range of defects which depend on the chemical 
composition of the melt [35]. In the case of pure aluminium in contact with air, 
Al2O3 oxide is more likely to form or develop. Similarly, aluminium magnesium 
alloys are more likely to form MgAl2O4 spinells [35]. In Castings 2003 
document, John Campbell reports oxides that are 20 nm in thickness and 
remain invisible under an optical microscope. The same study of John 
Campbell tabulated (Table 5) types of inclusions including a few possible 
oxides and their possible origin on the range of aluminium alloys. 
Table 5: Types of inclusions in Al alloys [36] 
Inclusion type   Possible origin 
Carbites Al4C3 Pot cells from Al 
smelters 
Boron-carbides Al4B4C Boron treatment 
Titanium boride TiB2 Grain refinement 
Graphite C Fluxing tubes, rotor 
wear, entrained film 
Chlorides NaCl, KCl, 
MgCl2, etc. 
Chlorine or fluxing 
treatment 
Alpha alumina -Al2O3 Entrainment after high-
temperature melting 
Gamma alumina -Al2O3 Entrainment during 
pouring 
Magnesium oxide MgO Higher Mg containing 
alloys 
Spinel MgOAl2O3 Medium Mg 
containing alloys 
Oxide problems are arguably the most damaging defects in aluminium casting 
and yet, they still remain the most difficult to quantify or assess. The industry 
is reported to be in the process of developing quintessential method/s for 
quantifying their presence.  
α
γ
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2.5.8. Growth of Aluminium – Silicon (Irregular) Eutectic Phase 
The solidification of primary phase dendrites and the dynamics involved were 
covered in section 2.5.4 to 2.5.7. In this section, development of eutectic phase 
at solidus or eutectic temperature is covered. The eutectic structure is 
therefore an indication of the last portion to solidify due to local superheating 
as a result of constitutional composition i.e. eutectic or coupled zone 
composition and secondary phase modification [37]. 
 
Figure 2.14: Skewed coupled zone in an irregular (shaded regions) eutectic binary 
phase diagram [38].  
Aluminium – silicon binary phase alloys exhibit initial dendrite  – phase 
solidification followed by eutectic  – phase solidification. The last phase 
is also known as pools or eutectic pools. The binary phase diagram in Figure 
2.3 indicates the eutectic phase achieved entirely at eutectic compositions (
of 12 wt %). Another type of eutectic phase named coupled zone is possible 
and it is achieved below eutectic temperature and at different compositions as 
indicated in the shaded region of Figure 2.14. 
The couple zone in Figure 2.14 represents the solid/liquid interface 
temperature dependent composition region in which a completely eutectic 
structure could be achieved [38]. The widening of the coupled zone near the 
eutectic temperature is observed only in directional solidification (positive 
thermal gradient) [38]. 
α
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2.5.9. Macro- and Microporosity 
During solidification of metals, a phenomenon known as solidification 
shrinkage is experienced by most metals and it ranges from 3 to 8% [39], and 
7.59% for pure aluminium [40]. 
2.5.9.1. Macroporosity 
J. Campbell and R.A. Harding discussed the characteristic of macroporosity 
as it is located towards the centre of a casting, although normally above the 
thermal centre [10]. It is associated with the geometry of the casting, and 
usually lies along the centreline of symmetrical castings. As a result, it is also 
known as centreline porosity, or centreline shrinkage [10]. 
2.5.9.2. Microporosity  
Microporosity is a problem experienced by long range alloys during low 
temperature gradients [10]. The combination of both conditions (long freeze 
range and low temperature gradients) leads to the extensive and uniform zone 
which is favoured by high conductive alloys such as aluminium, high mould 
temperatures and low thermal conductivity of the mould [10]. In such cases, 
towards the end of solidification, there will be a pasty or mushy zone consisting 
of a forest of dendrites enclosed in the remaining liquid [10].  
2.6. Computational Analysis (using MAGMA5) 
Computational analysis includes powerful modular simulation software as well 
as engineering services for casting design and optimisation. Currently, 
computational analysis for castings is used throughout the metal casting 
industry especially for the optimisation of cast components in automotive and 
heavy industry applications. Within this study, the critical part of the simulation 
is predicting the component/s potential quality problem as a result of micro- 
and macroporosity on casting section detailed in Figure 1.1.   
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Computational analysis and accurate prediction of shrinkage porosity with 
casting simulation software came with multiple challenges due to the 
difficulties in predicting casting pressure during filling and solidification. 
Predictions which could be deemed relevant and accurate required accurate 
modelling of die casting (including feeding, solidification and shrinkage 
porosity formation). Simulation models which can predict melt pressure, 
shrinkage porosity formation and growth during solidification have been 
developed recently (i.e. MAGMA GmbH 1988) [41]. 
The work of K.D Carlson, C. Beckermann et al. (2003) focussed on “simulation 
of porosity and hot tears in a squeeze cast magnesium control arm” which 
supports the further development in casting simulation done by K.D. Carlson, 
Z. Lin et al. (2003) [42], M.G. Pokorny, C.A. Moroe et al. (2008) and many 
more recent studies using recently developed simulation models [41].  
2.6.1. Finite Difference Method (FDM) 
MAGMA5 uses a finite difference method for domain analysis and 
computation. The name FDM is due to the fact that the continuous space is 
subdivided into a finite number of smaller and simpler geometries called 
elements. The subdivision of the continuous space is called a grid or a mesh. 
The finite difference method requires the discretization of the spatial domain 
with finite elements interconnected and variables stored in each cell. Taylor - 
series expansion can be used to express continuum mechanics which can 
then be solved inside each element for quite simple and regular geometries 
[43]. As compared to finite element method (FEM), the finite difference mesh 
is entirely structured as in Figure 2.15 which makes the modelling of 
complicated and irregular geometries more complex.  
During generation of the grid, elements should cover the given domain as 
accurately as possible for perfect computation of the given boundary 
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conditions, because the elements are interconnected for the FDM to provide 
solutions of the full system inside the full domain.  
 
Figure 2.15: Left section structured mesh, right section unstructured mesh [44]. 
2.7. MAGMASOFT Software 
MAGMA5 was developed in Germany in the late eighties and internationally 
accepted as the standard metal flow and solidification computer modelling 
package. In most studies, the package has been proven to achieve relatively 
accurate and acceptable results [45]. MAGMA5 now has multiple modules, 
including MAGMAflow which has the ability to track metal temperature in 
various die casting points during filling. MAGMAnonferrous for material specific 
modules allows the prediction of microstructures and properties as well as 
considers alloy metallurgy and optimisation capability for autonomous 
optimisation [8].  
2.7.1. Enmeshment  
Enmeshment is the method used to rebuild a 3D component in a computational 
or computation environment (domain) using size adjustable components called 
mesh elements or cells (see Figure 2.16 and Figure 2.17 elements and 
meshed casting consecutively). Cells come in different shapes and they are 
used for different applications. A more detailed use and application of mesh 
elements is covered in the study of C. Lobos, Y. Payan and N. Hitschfeld [46] 
(2010). Covered in this scope of work is MAGMA5 global linear hexahedron 
enmeshment for Solver5 application which will be used during computational 
analysis and optimisation for this study.   
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Figure 2.16: From left to right: Linear Tetrahedron, Quadratic Tetrahedron, Linear 
Hexahedron and Quadratic Hexahedron [46].  
 
Figure 2.17: (a) Sample of Solid CAD Model, (b) Large sample of meshed geometry 
and (c) Zoomed sample of meshed geometry [47]. 
Solver5 is activated in a mesh perspective of MAGMA5, and if the option is not 
enabled, the mesh will only be generated for the default solver as shown in 
Figure 2.18. Orange filled elements presented in Figure 2.19 follow the partial 
element method called “Cartesian Cut Cell Method” within the Solver5 
environment [48]. 
 
Figure 2.18: Default solver meshed domain in 2D presentation [48].  
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Figure 2.19: Solver5 meshed domain in 2D presentation [48]. 
The MAGMASOFT “Basic Training document” of 2012 states that Solver5 
critical cells are cells that are divided by the geometry borderline in the casting 
material as well as in the mould material. Thus, these cells are half made of 
cast and half made of mould material (which means that such mould cells 
would be 50% porous) (Aachen – University, July 2012) [48]. 
2.7.2. Material Properties 
During computational analysis and optimisation, multiple materials on the 
domain were required to be linked to individual properties which could be 
preloaded or written on the software database after necessary preliminary 
tests.  
In this study, casting alloy, mould material, mould design, hot boxing and 
cooling medium also needed to be linked to database properties which express 
the properties of true components for successful computational analysis and 
optimisation. 
2.7.3. MAGMA5/Foundry A356.0 Aluminium Cast Alloy 
Properties of MAGMA5 default Al7Si0.3Mg and foundry alloys are compared 
in Table 6. As can be noted from the table, necessary adjustments on 
MAGMA5 default chemical balance needed to be performed to replicate 
foundry alloy. 
Slight differences between the alloy presented in handleigh castings 
aluminium technology (2012) in section 2.5, MAGMA5 and foundry default 
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alloys could be noted, as were the liquidus, solidus temperatures, latent heat 
of fusion ( ) and equilibrium freeze range of  7 oC (intermediate as it is 
quoted in section 2.5) [15].  
The solidus and liquidus temperatures presented in Table 6 reflect those of 
MAGMA5 default Al7Si0.3Mg – permanent mould alloy. The study on foundry 
alloy true liquidus and solidus as presented in the ASM Handbook Volume 15 
of 1998 will not be carried out in this study. Therefore, default values for 
liquidus, solidus as well as the performance curves including the latent heat of 
the alloy will be taken from MAGMA5 default alloy for computational analysis.  
Table 6: MAGMA5 and Foundry default Al7Si0.3Mg – permanent mould alloy element 
limits in wt% including solidus and liquidus temperatures of 613 oC and 542 oC 
consecutively 
Elements MAGMA5 
Foundry 
Aim Min Max 
Copper 0.0300 - - 0.05 
Iron 0.5000 0.075 - 0.15 
Magnesium 0.4000 0.275 0.22 0.33 
Manganese 0.3000 - - 0.05 
Nickel 0.1000 - - 0.05 
Silicon 7.000 7.1 6.8 7.4 
Titanium 0.1500 0.12 0.080 0.14 
Zinc 0.1000 - - 0.07 
Strontium - 0.014 0.008 0.02 
Lead - - - 0.05 
Hydrogen (ml/100g) - - - - 
2.7.4. Mould Material and Design 
Typical foundry mould material is based on 1.2343 tool steel and mild steel 
plate creating a hot box on the LHS and GJ250 cast iron mould on the RHS as 
detailed in Figure 2.20 and Figure 2.21. In a later virtual optimisation study, 
HS40 cast iron tooling on the LHS of the casting cavity was applied with similar 
geometrical dimensions to that of GJ250 cast iron.  
fH
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Figure 2.20: Casting cavity mould material detailing.  
 
Figure 2.21: Stipulation of mould design, tempering positioning and casting cavity 
filling direction.  
Foundry design for the LHS mould, casting cavity and RHS mould were kept 
within the thickness parameters presented in Figure 2.22 for computational 
analysis of current foundry process. 
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Figure 2.22: Height and profile thickness for LHS mould (1.2343 Tool Steel), cast 
cavity and RHS mould (GG25 Cast iron) comparison curve. 
2.7.5. Hot Boxing 
Hot boxing is the method used to trap hot dry air at 1 atm by foundry men to 
manipulate heat transfer of the mould and casting at a specific position within 
tooling. The above section for the LHS mould of the research section uses this 
method. MAGMA5 air was then used for thermal properties of the mould 
conditions for computational analysis. 
2.7.6. Cooling Medium  
Compressed air for mould tempering on the research section, as in Figure 
2.21, was recorded and the values of 4 bar gauge pressure for 3.83 m3/hr flow 
rate at 40 oC air temperature. Therefore, necessary adjustments for the casting 
tempering system for the entire casting cavity were done for varying flow rates 
at 5 bar absolute pressure for each.  A MAGMA5 database of tempering 
channels for simulation analysis and optimisation was generated. Thereafter, 
programmable logic controlled [PLC] foundry cooling cycle as the casting 
process was assigned in the MAGMA5 environment. 
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2.8. Summary  
This literature review has characterised the forces which constitute 
solidification of Al – 4, 6, 8, 10 and 12Si alloys as well as the tooling involved 
in die casting technology of aluminium alloys to achieve the directional 
solidification concept. In addition, the application of cleaning and grain refining 
flux agents which can thereafter play a role within the final directionally 
solidified microstructure was covered.  
• The literature of die casting and its capabilities together with the 
expected mechanical properties for A356.0 are covered in this part of 
study for benchmark of the research alloy.   
•  The literature which support a wide range of aluminium-silicon alloys is 
covered for extrapolation of microstructure parameters of the alloy in 
question.  
• The concept of the research alloy microstructure zones formed during 
A356.0 solidification are covered schematically for visual interpretation 
and understanding of the process to assist on proper sampling 
procedure of the research component. 
• The chemical interpretation of the alloy in question is covered to proper 
guide the research foundry alloy during flux and master alloy rod 
additions.  
• The literature covering alloy reaction which rise as a result of melt 
treatments (grain refinement, phase modifiers and melt cleaning) and 
atmospheric conditions such as hydrogen reaction are covered for 
research melt background and maintenance.  
Furthermore, the adjustments which need or needed to be incorporated within 
the computation environment for reliable post processed data is detailed as 
well as the capabilities of the computational software and its standing and 
acceptance in a global market. 
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Chapter 3 Preliminary Study (computational test and validation) 
3.1. Introduction  
Final casting microstructures for most aluminium alloys including the alloy in 
question are effectively addressed in most literature studies. However, most 
foundries further process or chemically modify these alloys to fit certain final 
casting microstructures and physical properties. Therefore, this chapter 
(preliminary study) for the research question is set to address cone-shaped die 
casting solidification of research foundry A356.0 alloy melts treated with 
KCl+Ti and NaCl+KCl master alloys and similar additions of 5:1 TiB2 master 
alloy rods for computation adjustments and virtual alloy calibration.  
3.2. Gravity Die Casting 
Gravity die casting addressed in this study was performed in a cone-shaped 
mould of 300 mm length. The mould design and sampling methods are detailed 
in Figure 3.1 and Figure 3.2 respectively. Mould exploded view and 
dimensions detailed in the figures are only reflections of foundry GJL250 
mould conditions. Furthermore, the shrinkage height (Hs) and shrinkage 
volume (Vs) detailed in the schematics assumes symmetrical cone 
solidification and not the reflection of the casting pipe geometry and position 
for the castings studied in this chapter.  However, these two parameters were 
used in this study to monitor shrinkage behaviour across the sampling matrix. 
Tabulation of the research method used to address the preliminary study (refer 
to Table 7) was followed for gravity die casting sampling consistency and 
samples repeatability.  
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Table 7: Tabulation of the research method followed to address the preliminary study 
Type of Analysis Data Type 
PRELIMINARY CONE CYLINDER CASTING 
Process Data Analysis 
Process Data Die material  
Pouring height (mm) 
Pouring time (seconds)  
Die temperature just before pouring (oC) 
Ladle metal casting temperature (oC) 
Metal temperature at pouring stage (oC) 
Oven set temperature limit (oC) 
Room temperature during pouring (oC) 
Room temperature during eject (oC) 
Mould heating time (hh:mm) 
Metal-specific gravity (SG value) 
Metallurgical Analysis 
Macro analysis Macrostructure evaluation of as-cast raw casting 
Microanalysis Microstructure evaluation of as-cast raw casting 
Measuring of SDAS (µm) 
Static Analysis 
Macro analysis Shrinkage Depth (mm) 
Shrinkage Volume (ml) 
Casting top surface temperature during ejection (oC) 
Mould surface temperature during ejection (oC)  
Porosity Distribution  
Computation of local solidification time (s) 
Microanalysis None 
MAGMA5 Analysis 
Calibration Shrinkage 
SDAS 
Solidification Morphology 
Depth of shrinkage  
% feeding effectivity 
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MOULD EXPLODED VIEW 
 
CASTING SECTION 
 
MOULD DIMENSION [ITEM 1] 
 
ITEM QTY PART NUMBER DESCRIPTION 
1 1 BBT1504_SB01_P01 Solidified Casting Profile 
2 1 BBT1504_SB01_P02 Mould Side 1 
3 1 BBT1504_SB01_P03 Mould Side 2 
4 1 BBT1504_SB01_P04 Bottom Plate 
5 4 BBT1504_SB01_P05 Alignment Pins 
 
Figure 3.1: Detail drawings for preliminary die casting billets and mould. 
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Note: Thermocouple was located at area M1, 3.5 mm into the casting. Sample “E” and “I” were used for the 
preliminary study microstructure and shrinkage. 
ITEM QTY PART NUMBER DESCRIPTION 
1 1 SD01 – A – P00 Sample _A 
2 1 SD01 – B – P00 Sample _B 
3 1 SD01 – C – P00 Sample _C 
4 1 SD01 – D – P00 Sample _D 
5 1 SD01 – E – P00 Sample _E 
6 1 SD01 – F – P00 Sample _F 
7 1 SD01 – G – P00 Sample _G 
8 1 SD01 –  H – P00 Sample _H 
9 1 SD01 – (A – I) – P00 Side 2 
10 1 SD01 – I – P00 Sample _I 
Figure 3.2: Sample extraction detail for billets. 
Chapter 3  Preliminary Study 
71 
 
3.2.1. Foundry Alloy Applied Flux XRF Detection 
The balance of elements plays a crucial role in the manner in which the alloy 
solidifies. Multiple studies in solidification, including M.E. Glicksman and M.B. 
Koss (1994) [49], reported the solutes in the solidifying alloy to be rejected 
from the solid-liquid interface and develop a region in which the actual 
temperature is lower than the liquidus temperature leading to constitutional 
supercooling.  
Therefore, X-Ray Fluorescence [XRF] flux concentration detection was 
applicable to identify foreign elements which are introduced in the foundry 
A356.0 alloy during the degassing stage and play a role in solidification (refer 
to Table 8).  
Table 8: Elements concentration (%) comparison between KCl+Ti (grain refining and 
cleaning flux) and NaCl+KCl (cleaning flux), analysed under XRF detection 
Flux Na Al Si P S Cl K Ti V 
KCl+Ti N/D N/D 0.158 N/D N/D 1.027 18.674 14.606 0.109 
NaCl+KCl 9.283 0.083 0.12 0.002 0.442 9.316 2.441 0.148 <0.000 
Flux Cr Mn Fe Cu Zn As Br Rb Sr 
KCl+Ti 0.012 0.007 0.226 N/D 0.004 0.001 0.011 0.025 0.002 
NaCl+KCl N/D <0.000 0.014 0.005 N/D 0.001 0.003 N/D 0.002 
Flux Y Zr Nb I Hf Pb In Ba Pd 
KCl+Ti 0.001 0.119 0.055 0.063 0.002 0.001 N/D N/D N/D 
NaCl+KCl N/D N/D N/D N/D N/D <0.000 0.219 0.037 0.116 
         N/D – Not Detected 
3.2.2. Preliminary Mould Casting Environment  
Table 9: Research preliminary mould casting parameters  
Parameter Pouring Time Mould Temperature 
Ladle Metal 
Temperature 
SG 
Value 
Room 
Temperature Flux Type 
    Inner 
Surface 
Outer 
Surface 
    
P01 - 398.0 oC 369.0 oC 710 oC 2.36 35.0 oC NaCl+KCl 
P03 - 437.0 oC 447.0 oC 710 oC 2.36 35.0 oC NaCl+KCl 
P05 13 s 357.6 oC 357.6 oC 730 oC 2.20 30.0 oC KCl+Ti 
P07 14 s 368.5 oC 368.5 oC 745 oC 2.47 30.0 oC KCl+Ti 
P08 9 s 377.3 oC 377.3 oC 740 oC 2.35 25.0 oC NaCl+KCl 
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Table 9 details the list of parameters (P0“x”) followed to cast research 
preliminary die castings. P01, P03 and P08 were produced from melt treated 
with NaCl+KCl and 5:1 concentration TiB2 master alloys. Parameter 5 and 7 
castings were produced under controlled conditions from A356.0 alloy treated 
with KCl+Ti and 5:1 concentration TiB2 master alloys. Similarly, parameter 8 
was also produced under controlled conditions as used for P01 and P03 of 
similar master alloy concentrations. Mould coating was applied during the 
casting process P05, P07 and P08 to replicate mould/casting interface heat 
transfer conditions through the LHS mould detailed in Figure 2.21 of the 
research component. 
Two K – type thermocouples were positioned 170 mm from the billet bottom 
position and 3.5 mm protruding into “sample E” at Area A as detailed in Figure 
3.2, with 3.5 mm mould thickness between the thermocouple and casting 
interface. Thermocouples were located on each of the test samples to record 
temperature – time characteristics of the alloy at Area M1 as detailed in Figure 
3.2. The characteristic curves in Figure 3.3 show oven temperature for mould 
heating, waiting period, temperature drop before pouring and phase transitions 
as the alloy cools naturally under foundry conditions inside the casting mould. 
The characteristic cooling curve for both casting and mould (die casting 
process) is defined in Figure 3.5 for P05 die casting. 
 
Figure 3.3: Characteristic Al7SiMg temperature time cooling curve for P05, 07 and 08 
billet die castings. 
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Figure 3.4: Parameter 5, 7 and 8 Al7SiMg melt cooling curve for pouring and melt 
transition zone.  
 
Figure 3.5: Parameter five (P05) mould and Al7SiMg alloy characteristic cooling curve 
for oven mould temperature, waiting period, pouring and melt transition zone. 
3.3. Solidification  
As stated previously, the castings were allowed to cool naturally at foundry 
conditions without being ejected from the moulds until they reached foundry 
equilibrium temperature. The sampling was then selected to study dendrites 
which were more susceptible to <100> orientation. Area M1, M2 and M3 were 
selected to configure the transition between chill zone, possible columnar zone 
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and pipe factor which are susceptible to equiaxed microstructure as 
schematically detailed in Figure 2.2. 
Microstructures illustrated in Figure 3.6 indicated fine microstructure 
penetration on the chill zone “Area M1” for depths of approximately 3.5 mm 
through castings which were treated with NaCl+KCl and 9.5 mm and above for 
casting treated with KCl+Ti flux. The results support the research findings of 
potent nucleant particles/substrates for susceptible nucleation sites reported 
by many studies as well as that of N. Iqbal, N.H. van Dijk et al. (2004). 
As stated, the preliminary study A356.0 alloy was treated with similar additions 
of 5:1 TiB2 master alloy rods and two different flux applications. Parameters 5 
and 7 which indicated larger depths of chill zone fine microstructure were 
treated with KCl+Ti flux (refer to Table 8). This finding highlighted the more 
susceptible elements such as Ti, Zr and Nb to initiate nucleation sites as TiAl3, 
Al3Zr or Al3Nb compounds and reduce A356.0 liquidus temperature due to 
alloy average composition.  
The solidification theory as well as the effect of sufficient solutes such as Ti, 
Zr and Nb elements (susceptible grain refiner) are evident in the equiaxed 
structure and chill zone locations in Figure 3.6 and Figure 3.7  respectively. 
SDAS results across the samples P05 and P07 treated with KCl+Ti flux also 
supports even solidification pattern on areas M1, M2 and M3 as a result of 
increased nucleation sites and solidification process influenced by 
constitutional supercooling. D. Hamana, S. Nebti, and S. Hamamda (1990). 
also conducted a study on Al – 8Mg alloys which showed Zr additions 
(available to this study P05 and P07 samples KCl+Ti flux chemical 
arrangement alloy) to refine the grains and retards the precipitation of Mg-rich 
intermetallics and provides a more homogeneous distribution of precipitants 
[50]. Furthermore, Feng Wang and Dong Qui et al. (2005) in their 
crystallographic study of Al3Zr and Al3Nb as grain refiners for Al alloys reported 
the Al3Zr and Al3Nb phases to be good nucleation substrates at very small 
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interatomic spacing misfit  and interplanar spacing mismatch , close to 
those of Al3Ti, which is reported to be the most effective grain refiner employed 
in industrial practise [51].  
Etched microstructures (see Figure 3.2 for sampling detail) 
SD01_E_P05_Area M1 SD01_E_P05_Area M2 SD01_E_P05_Area M3 
   
Average SDAS = 48 µm 
Average 23.04sec 
Average SDAS = 56 µm 
31.36sec 
Average SDAS = 56 µm 
31.36sec 
   
SD01_E_P07_Area M1 SD01_E_P07_Area M2 SD01_E_P07_Area M3 
   
Average SDAS = 49 µm 
24.01sec 
Average SDAS = 56 µm 
31.36sec 
Average SDAS = 57 µm 
32.49 
   
SD01_E_P08_Area M1 SD01_E_P08_Area M2 SD01_E_P08_Area M3 
   
Average SDAS = 41 µm 
16.81sec 
Average SDAS = 51 µm 
26.01sec 
Average SDAS = 64 µm 
40.96sec 
Figure 3.6: Cylinder casting analysed under bright field x69 magnification for 
Poulton’s etched micros and x100 magnification un–etched micros for SDAS 
measurements.  
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3.4. A356 Aluminium Alloy  
3.4.1. Melt Treatment          
 
Figure 3.7: As–cast D x d x L (64.5 x 59.5 x 30.7 mm)  A356 billets showing 
microstructures treated with (a) NaCl+KCl flux and (b) KCl+Ti flux, both having similar 
addition of TiB2 5:1 master alloys analysed at no magnification, etched on 120 ml and 
20 g solution of water and cupric chloride.  
An image comparison for microstructures with additions of melt treatment in 
the foundry was performed to further address the context of this chapter. 
Casting parameters for billets are tabulated in Table 10. 
Table 10: Tabulation of casting parameters for as–cast A356 image comparison 
microstructures for alloys treated with (a) NaCl+KCl flux and (b) KCl+Ti flux, both 
having similar concentrations of TiB2 5:1 master alloys. 
Casting Pouring Time Mould Temperature 
Ladle Metal 
Temperature 
SG 
Value 
Room 
Temperature Flux Type 
  Inner 
Surface 
Outer 
Surface 
    
a - 35 oC 35 oC 710 oC 2.26 35.0 oC NaCl+KCl 
b - 35 oC 35 oC 710 oC 2.39 35.0 oC KCl  + Ti 
Casting “a” microstructure experienced directional solidification towards the 
centre of the casting due to chill zone super cooling. As a result, a chill zone 
fine structure is evident in Figure 3.7(a) as well as the transition to middle 
section columnar structure to centre position equiaxed structure. However, the 
central sample position microstructure of casting “b” experienced constitutional 
super cooling as a result of higher order chemical interaction and higher 
titanium concentration. As a result, even morphology of microstructure from 
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the centre of the casting towards the columnar chill zone microstructure is 
observed.  
3.4.2. Porosity  
Large size casting or billets without a feeder or feeding  due to turbulence 
system and large pouring heights proved to be a recipe for gas entrapment 
within the casting (refer to Figure 3.9). Therefore, an optimised method for 
microstructure image analysis (in Figure 3.7) for different treatments was 
generated from a smaller mould and sampled 2 mm from the bottom of the 
castings. As a result, a better method was developed to properly quantify 
shrinkage and solidification of the alloy.  
 
Figure 3.8: Casting section characterising shrinkage volume ( ) and shrinkage 
depth ( ). 
A measure of shrinkage volume and shrinkage depth proved to be a better 
zero position for computational results and real castings comparison for 
software calibrations. When a measured volume of water was poured on the 
shrinkage cup, ( ) on the billets or shrinkage depth ( ) from the far top end 
of the casting was measured. A range of 23 to 27 ml and 14.6 to 24.58 mm 
was observed to be the working range for both well and poorly controlled 
pouring. However, these values were observed to drastically change for any 
mould pouring temperatures below 300 oC.  
sV
sH
sV sH
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Un-etched microstructure areas of focus 
SD01_E_P05_Area M1 SD01_E_P05_Area M2 SD01_E_P05_Area M3 
   
Avarage SDAS = 48 µm Avarage SDAS = 56 µm Avarage SDAS = 56 µm 
   
SD01_E_P07_Area M1 SD01_E_P07_Area M2 SD01_E_P07_Area M3 
   
Avarage SDAS = 49 µm Avarage SDAS = 56 µm Avarage SDAS = 57 µm 
   
SD01_E_P08_Area M1 SD01_E_P08_Area M2 SD01_E_P08_Area M3 
   
Avarage SDAS = 41 µm Avarage SDAS = 51 µm Avarage SDAS = 64 µm 
Figure 3.9: Cylinder casting analysed under bright field for un–etched micros and 
x100 magnification for SDAS measurement. 
A graphical approach for shrinkage volume and shrinkage depth for values 
tabulated in Table 11 were analysed in Figure 3.10 and Figure 3.11. As noted, 
the outlying P01 and P03 are the result of an uncontrolled study as reported in 
3.2.1; however, a repeat of a similar study on P09 and P10 proved the values 
found were due to no coating having been applied on the mould/casting 
interface or mould wall.   
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Table 11: Shrinkage depth and shrinkage volume table of results 
Parameter Shrinkage Depth 
Shrinkage   
Volume Flux Type Mould Wall 
 [Hs] - (mm) [Vs] - (ml)  Condition 
P01 24.58 25 NaCl+KCl No Coating 
P03 23.03 23 NaCl+KCl No Coating 
P05 15.5 27 KCl+Ti Coated 
P07 14.6 27 KCl+Ti Coated 
P08 15.2 26 NaCl+KCl Coated 
P09 20.6 19.7 KCl+Ti No Coating 
P10 23.79 23.79 NaCl+KCl No Coating 
Findings on the coating applied proved that the application had been primarily 
used to provide low insulation interface properties at areas or locations of 
interest at 5 μm max surface finish. This provided a better understanding of 
alloy susceptibility to shrinkage or shrinkage variation between applied and no 
applied coat casting. The functions of solidification shrinkage are discussed in 
2.5.9.  
 
Figure 3.10: Shrinkage height (Hs) as a function of coated and non-coated 
mould/casting interface per parameter characteristic curve for (P01) NaCl+KCl, (P03) 
NaCl+KCl, (P05) KCl+Ti, (P07) KCl+Ti and (P08) treated with NaCl+KCl flux and all 
treated with similar concentrations of TiB2. 
Conclusively, the results presented in Figure 3.10 and Figure 3.11 indicate a 
slight alloy shrinkage difference for both alloys (“a” and “b”) and both 
mould/alloy interface conditions (with and without coating). However, the 
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shrinkage distribution for the mould/alloy interface without coating indicated 
localised shrinkage at the centre due to shrinkage height [Hs] being higher in 
these conditions. Hence, shrinkage was more distributed on the castings 
prepared with mould/casting interface coating contributing to a shallow 
shrinkage height [Hs].  
 
Figure 3.11: Shrinkage volume (Vs) as a function of coated and non-coated 
mould/casting interface per parameter characteristic curve for (P01) NaCl+KCl, (P03) 
NaCl+KCl, (P05) KCl+Ti, (P07) KCl+Ti and (P08) treated with NaCl+KCl flux and all 
treated with similar concentrations of TiB2. 
Hypothetically, the shrinkage depth for castings prepared without coating is 
influenced by high heat transfer through the mould wall as a result of less 
thermal resistance. Hence the coated mould surface introduced an artificial 
thermal resistance between the mould and solidifying aluminium at a rate to 
which constitutional solidification is favoured resulting to near homogenous 
interdendritic shrinkage.   
3.4.3. Secondary Dendrite Arm Spacing  
Three dendrites per sample area i.e. “Area M1” were measured. The average 
was recorded in Table 12 and Table 13 for computation of local growth rate 
using Equation 4 for A356.0 alloy treated with NaCl+KCl and KCl+Ti 
consecutively. Necessary adjustments on the computational software to allow 
15
17
19
21
23
25
27
29
Sh
rin
ka
ge
 V
ol
um
e 
Vs
 (m
l)
Parameters
Shrinkage Volume Vs (ml)
Without Coating With Coating
P05 P07 P08             P01 P10             P03           P09
Chapter 3  Preliminary Study 
81 
 
for relative virtual to real casting growth rate and thermal gradient needed to 
be done for the results presented in Table 12 and Table 13. 
Table 12: Secondary dendrite arm spacing ( ), local solidification time ( ), 
computed local growth rate ( ) and MAGMA5 marshy zone average thermal 
gradient ( ) tabulation for NaCl+KCl treated alloy billet casting 
       
Parameter Position SDAS    
 
P01 
M1 59 34.72 1.0 2.1080 71 
M2 71 50.30 1.2 1.1998 71 
M3 44 19.58 270.8 0.0134 71 
P03 
M1 60 35.83 0.9 2.1080 71 
M2 57 32.22 1.8 1.1998 71 
M3 43 18.36 288.8 0.0134 71 
P08 
M1 41 16.81 2.0 2.1080 71 
M2 51 26.01 2.3 1.1998 71 
M3 64 40.96 129.4 0.0134 71 
Table 13: Secondary dendrite arm spacing ( ), local solidification time ( ), 
computed local growth rate ( ) and MAGMA5 marshy zone average thermal 
gradient ( ) tabulation for KCl+Ti treated alloy billet casting 
       
Parameter Position SDAS    
 
P05 
M1 48 23.04 1.4 2.2506 71 
M2 56 31.36 2.1 1.0792 71 
M3 56 31.36 170.0 0.0133 71 
P07 
M1 49 24.01 1.3 2.2506 71 
M2 56 31.36 2.1 1.0792 71 
M3 57 32.49 164.0 0.0133 71 
Computational adjustments and graphical analysis for the values in Table 12 
and Table 13 are further discussed in the following section.  
3.4.4. Computational Analysis  
The computational analysis performed investigated replicating the 
solidification morphology of KCl+Ti and NaCl+KCl treated alloys with added 
equivalent concentration of TiB2 5:1 master alloy and in particular, the 
shrinkage concept experienced in terms of shrinkage volume ( ) and 
shrinkage height ( ) of the billets which would assist in porosity predictions 
on the study section. 
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Figure 3.12: Cartesian Mesh Parameters applied on castings for preliminary study 
development.  
The component enmeshment (see Figure 3.13) of MAGMA5 global linear 
hexahedron for Solver5 application was applied across this chapter. Cartesian 
mesh parameters detailed in Figure 3.12 were set for reduced simulation time 
and near accurate fine meshed computation results. A design of experiments 
(DoE) for 20 to 30 percentage effectivity in steps of 5 were computed in 9 
minutes 41 seconds in 8CPU computation machine for alloy optimisation.  
 
Figure 3.13: (a) Sample of Solid 3D CAD model, (b) Large sample of Solver5 meshed 
geometry. 
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Figure 3.14: MAGMA5 Foundry computational alloy (a) NaCl+KCl (b) KCl+Ti both 
treated with TiB2 master alloy. 
The materials utilised for computational analysis and optimisation included 
GJ250 cast iron default MAGMA5 properties selected for the mould equivalent 
to GG25 cast iron mould for foundry casting. Alloy “a” and “b” adjustments in 
Figure 3.14 for MAGMA5 computation environment were determined using 
spark emission spectrometer test results generated from samples detailed in 
Figure 3.7 after melt flux treatment. Casting and mould heat transfer conditions 
at the interface were selected from the MAGMA5 HTC default dataset for 
specification of the heat transfer between materials for temperature dependent 
AlSi7Mg – mould conditions with melt and mould initial temperature of 700 oC 
and 415 oC consecutively. Multiple options for process computation exist in 
MAGMA5 which include automatic filling, pouring rate, head pressure control 
as well as the time-dependent pouring conditions. In this study, pouring time 
conditions equivalent to studied process in the foundry environment detailed 
in Table 9 were followed for controlled analysis. 100 and 200 seconds delay 
and ejection times respectively were also assumed based on oven heating, 
pouring delay time,  pouring and solidification characteristic curve in Figure 
3.5.   
With the necessary simulation sets in place, MAGMA5 computation was 
employed. Multiple adjustments or simulation versions were necessary in 
some situations which included MAGMA5 default Al7SiMg – perm mould to 
foundry alloy percentage feeding effectivity, determination of the alloy freeze 
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range which was initially intermediate at 71 oC from MAGMA5 default solidus 
and liquidus temperatures, shrinkage porosity, shrinkage depth ( ), and 
shrinkage volume ( ) or alloy shrinkage. Further computational analysis to 
address the foundry problem using MAGMA5 alloy developed in this study was 
deemed necessary after computational to real casting accuracy was defined 
to be within reason. Computational results showed solidification morphology 
of KCl+Ti and NaCl+KCl treated alloys with added equivalent concentration of 
TiB2 5:1 master alloy in terms of fraction liquid. Additionally, the shrinkage 
concept experienced in terms of shrinkage volume ( ) and shrinkage height 
( ) of the billets is also detailed and compared to Table 11 foundry-tested 
results. After a full optimisation on MAGMA5 foundry computational alloy, 
possible minimum and maximum shrinkage depths were computed for both 
alloy “a” and “b”. These were in the range of 10.350 mm and 17.418 mm 
respectively as plotted on the z–axis in Figure 3.15 (where {x;y;z} = {0;0;0} 
coordinates lie on the bottom centre of the billet). 
 
Figure 3.15: Fully optimised shrinkage phenomenon for MAGMA5 Al7SiMg permanent 
mould short freeze range alloy (a) and (b) detailed in Figure 3.14. 
To configure the start of the FCC aluminium constitutional solidification at M1, 
M2 and M3 with the start of the silicon solidification period, characteristic 
curves which define solidification phase transitions for both alloy “a” and “b” 
were generated and detailed in Figure 3.16. Therefore, average gradient time 
sH
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sV
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used to compute average growth rates at M1, M2 and M3 were extracted from 
Figure 3.18. 
 
Figure 3.16: Fraction liquid (%) as a function of local solidification time (s) 
characteristic curve for 30% feeding effectivity MAGMA5 alloy (a) and (b) detailed in 
Figure 3.14. 
 
Figure 3.17: Area M1, M2 and M3 FCC aluminium solidification fraction liquid (%) as a 
function of local solidification time (s) characteristic curve for 30% feeding effectivity 
MAGMA5 alloy (a) and (b) detailed in Figure 3.14. 
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Figure 3.18: Area M1, M2 and M3 FCC aluminium solidification local thermal gradient 
(oC/s) as a function of local solidification time (s) characteristic curve for MAGMA5 
alloy (a) and (b) detailed in Figure 3.14. 
 
Figure 3.19: Sample E, Area M1, M2 and M3 MAGMA5 fraction liquid results after 14 s 
of die casting for alloy (a) and (b) detailed in Figure 3.14. 
 
Figure 3.20: Sample E, Area M1, M2 and M3 MAGMA5 fraction liquid results after 
138.705 s of die casting for alloy (a) and (b) detailed in Figure 3.14. 
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Figure 3.21: Sample E, Area M1, M2 and M3 MAGMA5 fraction liquid results after 
277.761 s of die casting for alloy (a) and (b) detailed in Figure 3.14. 
 
Figure 3.22: Sample E, Area M1, M2 and M3 MAGMA5 gradient time results after 14 s 
of die casting for alloy (a) and (b) detailed in Figure 3.14. 
 
Figure 3.23: Sample E, Area M1, M2 and M3 MAGMA5 gradient time results after 
64.277 s of die casting for alloy (a) and (b) detailed in Figure 3.14. 
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(a) (b) 
(a) (b) 
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Figure 3.24: Sample E, Area M1, M2 and M3 MAGMA5 gradient time results after 
277.761 s of die casting for alloy (a) and (b) detailed in Figure 3.14. 
Figure 3.19 to Figure 3.24 show static images of dynamic processes these 
being: fraction liquid and gradient time (thermal gradient) solidification 
parameters from 100% fraction liquid to 100% fraction solid, and from 
15.43/15.83 oC/mm max for alloy “a”/”b” respectively, to 0 oC/mm minimum of 
the billet.  Figure 3.19 shows fraction liquid distribution of a billet at 14 seconds 
since the start of solidification or completion of cavity filling. At this stage, chill 
zone “M1” is at 55% fraction liquid, and the remaining 45% has developed to 
solid (marshy zone). Figure 3.16, which traces fraction liquid transition from 
completion of filling to the end of solidification, indicates that both alloys at chill 
zone (M1) initiate solidification prior to completion of cavity filling. Following 
D’Arcy’s concept graphically analysed in Figure 3.16 of the study for sampled 
zones (M1 to M3), the chill zone (M1) at this stage has begun silicon 
solidification forming eutectic phase before test zones M2 and M3 have even 
started alpha dendritic solidification. The thermal gradient at this period for M1 
initial solidification as well as other test zones is reflected in Figure 3.14. The 
distribution of global and local thermal gradient in Figure 3.14 seem to be 
influenced by hydraulic dynamics due to top filling (i.e. melt front landing 
position). However, after 64.277 seconds (refer to Figure 3.23), the gradient 
time of the billet seems to even out at assumed balanced room conditions 
around the mould leading to symmetrical thermal gradients of test zones.  
(a) (b) 
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Figure 3.20 shows progressive solidification phenomenon of the casting billet 
after 138.705 seconds. At this stage, the melt alloy has reached its 30% 
MAGMA5 feeding effectivity to which the remaining fraction liquid or melt is 
interdendritic and the formation of dendritic pours known as microporosity has 
initiated.  However, the shrinkage pours (micro- and macroporosity) reflected 
in Figure 3.9 are not only due to alloy shrinkage. They are also due to melt 
turbulence at the top surface of the filling cavity resulting in high air 
entrapments in the solidified casting.  Therefore in this case,  pour distribution 
(refer to Figure 3.9) as a function of solidification parameters cannot be 
concluded without including the effect of varying melt pouring rate dependent 
on human error in the study.  
3.5. Summary  
This preliminary study characterised the freeze range phenomena of A356.0 
foundry alloy using computational environment and foundry billets with 
material shrinkage and shrinkage depth as the anchoring points for 
measurement of virtual alloy to foundry alloy level of accuracy.   
Mould boundary conditions as well as the heat transfer definition between the 
casting and the mould (interface heat transfer) were also developed to modify 
the level of virtual environment accuracy. As a result, MAGMA5 thermal 
gradients were used to compute local solidification growth rates at areas of 
interest.  
• A direct alloy contact thermocouple indicated liquidus and solidus 
temperatures to be near MAGMA5 research alloy 613 oC and 542 oC 
values for both KCl+Ti and NaCl+KCl treated alloys. Therefore, freeze 
range for manual computation of local growth rate for research 
component is maintained at constant 71 oC across all test zones 
neglecting the effect of solutes segregation [49].  
• KCl+Ti based flux analysed on the XRF indicated the availability of 
elements (i.e. Zr, Nb, Ti...) susceptible to potent nucleant  grain refining 
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substrates (i.e. Al3Zr, Al3Nb, Al3Ti….) [25]. Phase modifying and alloy 
cleaning elements are not of focus in this study even though they are 
available on both study fluxes (KCl+Ti and NaCl+KCl based).  
• KCl+Ti treated alloy etched samples indicated evenly distributed fine 
gains, and even SDAS averaging 50 μm across test planes. Where’s 
NaCl+KCl treated alloy etched samples indicated chill zone, columnar 
and equiaxed macrostructure arrangement.   
• A356.0 die casting shrinkage is found to increase at non-coated 
mould/alloy interface from similar mould temperatures and alloy degree 
of superheat for non and coated moulds at the beginning of filling stage 
(mould filling temperature). Furthermore, a decrease to mould filling 
temperatures indicate an increase to alloy percentage shrinkage. Mould 
filling temperatures which are below 300 oC give rise to alloy hot tearing 
for melts which are at 700 ± 5 oC. 
• Shrinkage height (Hs) from casting billets is found to increase at non 
coated mould/alloy (“hot face”) interface and decrease to coated hot 
face. 
Even though mould/alloy interface conditions play a huge role in alloy 
shrinkage. This part of the study focused on coated hot face MAGMA5 alloy 
calibration for billet die casting. Therefore, virtual environment alloys 
addressed as well as mould conditions developed in this study will be used to 
address the solidification and porosity complications experienced by the 
research component.  
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Chapter 4 Solidification Analysis of Component 
4.1. Introduction  
Die casting makes use of force cooling to accelerate solidification. However, 
the cooling process as a function of cooling flux (Nm3/hr) must be introduced 
at a specific period during solidification and kept running only for a specific 
cooling time to avoid interruption of directional solidification. Therefore, it is 
important to understand the influence of current foundry process cooling flux, 
maximum, minimum and no cooling application towards MAGMA5 cooling flux 
calibration and virtual optimisation of the foundry process for A356.0 melt 
treated with KCl+Ti flux and 4 rod additions of 5:1 TiB2 concentration. The 
study therefore infers the cooling rate effect, continuous die casting process 
on solidification and porosity. 
4.2. Die Casting Environment 
Die casting components addressed in this study were performed in an 
industrial pressure die casting. Mould design, sampling method and RHS 
mould thermocouple location are schematically addressed in Figure 2.21 and 
Figure 4.1 respectively. 
 
Figure 4.1: Research section sampling method detailing RHS mould cooling position 
and zone 2 to 16 at N1, N2, N3 test locations including DIN50125, 5 mm diameter 
tensile sample positions. 
RHS Tooling Side 
    
LHS Tooling Side 
    
 RHS Mould Cooling Position 
15 Thermocouple location (Located between cooling plugs) 
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The sampling method proposed in Figure 4.1 focussed on analysing middle 
section (N2) and chill zones (N1 and N3) microstructure, eutectic phase 
distribution including N2 location tensile test response. 
Table 14: Research method followed to address research component  
Type of Analysis Data Type 
RAW  CASTING STUDY 
Process Data Analysis 
Process Data Die Material  
Process detail (process sheet) 
Die Casting Temperature/s (oC) 
Metal Casting Temperature (oC) 
Metal Specific Gravity  
Metallurgical Analysis 
Macro analysis Macrostructure evaluation for as–cast 
Microanalysis Measuring of SDAS (µm) of as–cast raw casting 
Microstructure (x100) for as–cast raw casting. 
Computation of Solidification time (s) 
Static Analysis 
 Porosity distribution 
Tensile test 
MAGMA5 Analysis 
Calibration SDAS 
Solidification Morphology 
In the research in question, manipulation of the casting process was kept in 
foundry preferential limits and constant for all die casting samples within each 
test period.  
Each test sample was extracted once the casting temperatures were 
confirmed as stable. Temperature–time curves reported in Figure 4.3 were 
monitored on live feed of the Tpaq21 data acquisition system. 
Table 15: Research component casting parameter 
Sample 
No. 
Air 
Pressure 
Air Flow 
rate 
Natural 
Convection  
Cooling Time 
Water 
Quenching 
time 
Room 
Temperature 
Quenching 
water 
temperature 
[bars] [Nm3/h] [seconds] [seconds] [oC] [oC] 
S01 3 95 150 120 35 80 
S03 4 120 150 120 35 80 
S04 1 75 150 120 35 80 
S05 0 0 150 120 35 80 
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Live feed data collection came as a result of prior testing characterised in 
Figure 4.2. The characteristic curve indicated the complications which could 
arise when extraction of test samples is conducted at non–live feed Tpaq21 
data recording.  
Furthermore, a very unstable casting process for both foundry casting and test 
samples extraction procedures was noted. Random die temperature ramping 
in casting cycle 7, 8, 9, 10 (C7 to C10 in Figure 4.2) was followed by non-
equilibrium die casting temperatures in casting cycles 11 to 19 (C11 to C19 in 
Figure 4.2). Even though casting cycles 11 to 19 are cast from a similar casting 
and cooling process of the more stable casting process of first six recorded 
cycles. The evident random die temperature ramping resulted in nine “non–
stable” casting cycles (unstable process or casting on dropping die 
temperatures). Four die temperature ramping cycles (C7 to C10) were 
investigated to be the result of reoccurring visual defect at any stage before 
C1 to C6. At C7, the operator will initiate a standard procedure of four die 
temperature ramping cycles to increase mould casting temperatures. That led 
to continuous die casting at dropping temperatures until similar defect rise 
again, then similar remedial action applies in a cyclic manner.  
 
Figure 4.2: Temperature – Time curve characterising  non–stable casting process 
prior to extraction of test sample at non–stable casting die temperatures for #3 and #4 
samples. 
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Figure 4.3: Temperature – Time characteristic curves for thirty casting cycles of 
process casting S01 and unstable processes S03, S04 and S05. 
 
Figure 4.4: Casting cycle 1 and 2 thermocouple data with process switch on and off 
times for RHS mould tempering line. 
4.3. Cooling Rate Effect on Solidification  
Samples studied in this part of the work solidified at different force cooling 
rate/s at the tempering position detailed in Figure 4.1 (collinear to the x–axis 
of the schematic). Four RHS mould tempering stages were set to monitor the 
microstructure response as a result of different heat flux contents which 
included; process tempering, maximum, minimum and no cooling application. 
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The sampling method detailed in Figure 4.1 aimed to address SDAS of <100> 
dendrites and microstructure transition between the LHS 1.2343 Tool steel and 
RHS GG25 cast iron moulds at area N1, N2 and N3. 
Etched macrostructures across all four cooling processes detailed in Appendix 
C: Figure 7.2 show no definitive differences. Chill zone fine microstructure is 
evident to all sections with approximately similar penetration. The work of N. 
Pourikia, M. Emamy, H. Farhangi et al. (2010) addressed the effect of Ti and 
Zr elements and cooling rate on the microstructure and tensile properties of a 
newly developed super high–strength aluminium alloy. In the study ref [52], a 
strong dependence of grain size and DAS in castings on cooling rate could be 
observed in unrefined and Zr–refined specimens, but refined specimens by Al–
5Ti–1B master alloy indicated a minimum dependence [52].  
4.4. A356.0 Aluminium Alloy 
The alloy used for this part of the analysis underwent KCl+Ti melt treatment 
similar to the Preliminary Study (computational test and validation) “casting b” 
(refer to Figure 3.7). 
4.4.1. Cooling Rate Effect on Porosity  
As proposed in the study, the research casting section solidification pattern 
should be “A” to “B” as in Figure 4.1 (or “c” to “a” as in Figure 4.5 to Figure 4.8) 
towards the filling gate to promote sound castings. The concept uses mould, 
casting cavity and cooling system thermal balance to promote the directional 
solidification proposed. To address the concept only for the research section 
(Figure 4.1), four stage solidification cycles for the component were attempted 
which involved process cooling, maximum, minimum and no cooling 
application with mirror finished components used to cross compare porosity 
morphology response across all four samples.  
Macrostructures assembled in Figure 4.5 to Figure 4.8 show % porosity at “a”, 
“b” and “c” to be unstable in response to changing cooling rates, whilst  the 
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maximum cooled sample shows an increase in % porosity. However, further 
decrease in the cooling rate shows an increase in % porosity with visible 
cluster porosity at “a” and “c” indicated sections for 1 bar cooling rate (Figure 
4.7) and at “c” for no force cooling (Figure 4.8). 
The visual evidence to porosity indicated a distribution which is closer to the 
LHS mould interface. Further analysis on the test plane addressed 
measurement of SDAS, projected growth rate and thermal gradient in section 
4.4.2 of the study from R.N Grugel 2003 curves.  
 
Figure 4.5: Mirror polished pictures of KCl+Ti melt treated research component for 
S01 sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling rate rotated +/-900 
clockwise from the orientation detailed in Figure 4.1. 
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Figure 4.6: Mirror polished pictures of KCl+Ti melt treated research component for 
S03 sample (max cooling process) at 4 bars, 120 Nm3/hr cooling rate rotated +/-900 
clockwise from the orientation detailed in Figure 4.1. 
 
Figure 4.7: Mirror polished pictures of KCl+Ti melt treated research component for 
S04 sample (min cooling process) at 1 bar, 75 Nm3/hr cooling rate rotated +/-900 
clockwise from the orientation detailed in Figure 4.1. 
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Figure 4.8: Mirror polished pictures of KCl+Ti melt treated research component for 
S05 sample (no cooling) at 0 bar, 0 Nm3/hr cooling rate rotated +/-900 clockwise from 
the orientation detailed in Figure 4.1. 
4.4.2. Secondary Dendrite Arm Spacing  
An attempt to extrapolate constitutional thermal gradient for recorded data, 
analysed in Figure 4.12 to Figure 4.15 on R.N Grugel (2003) and Figure 4.9 
for a measured minimum and maximum SDAS as a function of Al7Si alloy, was 
not relevant to this study.  R.N Grugel (1993) data focussed on SDAS 
developed at a constant thermal gradient of 15 K/mm. Through virtual 
environment, thermal gradients which reached 15 K/mm were only possible for 
a period just under 2 seconds on the surface of casting above study zones 
only at the beginning of solidification.  
However, curves which characterise local solidification time ( ) as a function 
of secondary or tertiary dendrite spacing  are stipulated in Figure 2.8 and 
Figure 2.9 consecutively with 15 K/mm and 5 K/mm at 6% silicon 
concentration. As a result, characteristic Equation 1 ( ) from Figure 2.8 
ft
2
1
2 10 ft=λ
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was applied for computation of ( ) applied in this study and was deemed 
plausible for application on the alloy in question. 
 
Figure 4.9: Foundry alloy (A356.0) mapped data for secondary dendrite arm spacing 
as a function of silicon composition for growth velocities of 29.2, 43, 60.3, 93.6, 
156.1 and 301.1 μm/s at 15 K/mm. 
 
Figure 4.10: Foundry alloy (A356.0) mapped data for secondary dendrite arm spacing 
as a function of imposed growth velocity for silicon concentration of 4, 6, 8, 10, 
12wt% at G = 15 K/mm and 6 wt% at G = 5 K/mm. 
For determination of average SDAS, extraction of study components was 
performed on the vertical cutting saw fitted with an aluminium alloy specialised 
cutting blade. Samples were then ground with 200 and 800 grid coarse 
grinding papers to the plane of interest with reasonable tolerance. Fine 
ft
)( 2λ
)( 2λ
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grinding stage was later done using a water-based diamond suspension 
containing fine diamonds and cooling lubricant for a finishing of 9 µm. Polishing 
stages were then performed using 3 µm water-based diamond suspension 
containing a mixture of fine diamonds and cooling lubricant for materials with 
<150HV, and, the final step was performed with colloidal silica suspension for 
3 minutes with frequent monitoring for progress of microstructure under 100x 
microscopy magnification.  
The samples were rinsed with water and acetone respectively after every 
grinding or polishing stage, then air dried at 13 m/s air speed and 30 oC air 
temperature under a 2 kW air blower.  
 
Figure 4.11: Schematic representation of the method used for measurement of 
secondary dendrite arm spacing. The points indicated with crosses are the number of 
secondary arms (N) [53]. 
Manual measuring of SDAS was immediately done after colloidal silica 
polishing on the Nikon MA100 microscope with C-FM reticle eyepiece 
micrometer for C-W10xB/22 eyepiece (refer Appendix H: Figure 7.18 and 
Figure 7.19 for machine configuration). Prior to making the measurements, the 
microscope was calibrated and certified for process (i.e.  ASTM E1951 – 02 
reapproved in 2007).  
When looking through the microscope, the reticle image was imposed upon 
the dendrite specimen collinear to the dendrite stem “y – axis” (refer to Figure 
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4.11). Thereafter, SDAS measuring was completed at 100x magnification for 
1 mm spaced X and Y reticle indentations.  To determine the average SDAS, 
Equation 5 was applied.  
Equation 5: Average SDAS  
 ………………………………………………………………….... Eq. 5 
Where “ ” – is microscope magnification, “ ” – length of dendrite appearing 
on the reticle eyepiece (mm) and “ ” – number of dendrites inside dendrite 
length “ ”.  
Many studies reported secondary dendrite arm spacing as a measure or 
function of solidification parameter [34]. Later, it was determined to be the 
cooling rate which implied continually changing growth rates and temperature 
gradients at the solidification interface [34].  Between the minimum and the 
maximum SDAS for die casting reported in this study, an approximate 
minimum of 95 μm/s and maximum of 300 μm/s growth rate were presented 
using R.N. Grugel SDAS as a function of growth rate curves (Figure 4.10). 
 
Figure 4.12: Sample 1 (S01) average secondary dendrite arm spacing characteristic 
curves for N1, N2 and N3 test positions directly air cooled (3 bars, 95 Nm3/hr) at zone 
6. Refer to Figure 4.1 for sampling method.  
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Figure 4.13: Sample 3 (S03) average secondary dendrite arm spacing characteristic 
curves for N1, N2 and N3 test positions directly air cooled (4 bars, 120 Nm3/hr) at zone 
6. Refer to Figure 4.1 for sampling method. 
 
Figure 4.14: Sample 4 (S04) average secondary dendrite arm spacing characteristic 
curves for N1, N2 and N3 test positions directly air cooled (1  bar, 75 Nm3/hr) at zone 6. 
Refer to Figure 4.1 for sampling method. 
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define a near sound casting or decrease in %porosity on the research samples. 
This could be the result of mould/casting interface N1 and N3 having to initiate 
nuclei formations prior to that of casting centre N2. ASM HANDBOOK 
VOLUME 15 Casting of 1998 under dendritic structures reported a formation 
of the nuclei on the mould/alloy interface during mould filling, evident in chill 
zone macrostructure detailed in Appendix C: Figure 7.2 [11]. In fact, 
mould/alloy interface heat transfer plays a crucial role in directional 
solidification (positive parabola on study profile), which results in sound 
casting, only if filling velocities are kept to a level which reduces segregation 
of mould interface nuclei, a phenomenon reported by many studies including 
R.N. Grugel (2003). 
 
Figure 4.15: Sample 5 (S05) average secondary dendrite arm spacing characteristic 
curves for N1, N2 and N3 test positions, and no applied cooling at zone 6 (0 bar, 0 
Nm3/hr). Refer to Figure 4.1 for sampling method. 
4.4.3. Static Test Results for A356.0 Aluminium Alloy 
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of the tensile sample from the N2 research sample position is detailed in Figure 
4.1. 
Tensile testing the N2 research section test position was driven to analyse 
mechanical properties of final casting geometry at “N2” A356.0 microstructure, 
before N1 and N3 sections could be machined off at A356.0 – T6 exposing 
casting imperfections such as porosity and final cast microstructure.   
Maximum force (FM) values from Table 16 detail an increasing to decreasing 
cooling rate as a result of an increase to A356.0 alloy porous structure and 
eutectic structure volume fraction at the location to which the DIN 50125 Φ5 
mm sample was extracted (refer to Figure 6.12 for computational evidence and 
Appendix F:) [18]. N. Pourkia and M. Emamy et al. assumed the reasonability 
to attribute the scattering in thinner sections to casting defects, which are 
exaggerated in thin wall castings since; any given defect will occupy a greater 
proportion of the thickness of the sample [52].  
 
Figure 4.16: A356.0 engineering stress – strain characteristic curves for varying 
cooling rates at zone 6 of the research sample.  
Furthermore, mechanical properties such as proof stress (0.2Rp) and ultimate 
tensile stress (UTS) differ slightly to those presented in Table 1 as a result of 
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question. (i.e. similar alloys; however, solidified at a much higher rate (dendritic 
growth rate) resulting in fine microstructure that will yield improved 0.2Rp and 
UTS [18].) As such, the results presented in Table 16 do not provide evidence 
of optimised solidification rate for the alloy in question. The macrostructures 
presented in Appendix B: Figure 7.1 on porosity distribution seem to contradict 
the porous phenomenon discussed in this part of work (4.4.3 3rd paragraph). It 
is noted that tensile samples were extracted above the zone 12 sampling area 
(refer to Figure 4.1). Only zone 14 and 16 could be regarded to lie within the 
tensile sample gauge length.  
Therefore, tensile results in combination with porosity results for the research 
sample detailed in Figure 4.1 show the morphology of A356.0 porous structure 
to decrease above tempering position (zone 6) with decreased cooling, and a 
decrease at zone 6 and below with increasing cooling rate within the 
component.  
Table 16: Mechanical properties of A356.0 Aluminium Cast Alloy for S01, S03, S04 and 
S05 samples cooled at 3 bars – 95 Nm3/hr, 4 bars – 120 Nm3/hr, 1 bar – 75 Nm3/hr, 0 
bar – 0 Nm3/hr respectively for 315 seconds cycle time. Cooling cycle time switch ON 
and OFF at 45 and 205 seconds consecutively. 
Test 
Sample 
No. 
Cross 
Sectional 
Area 
Young's 
Modulus 
Max. 
Force Proof Stress 
Ultimate 
Tensile 
Stress 
Max. 
Strain 
So [mm2] E [GPa] FM [N] Rp0,2 [MPa] 
UTS 
[MPa] Agt [%] 
S01 20.59 67.414 3373.1 146.063 163.820 4.279 
S03 20.59 65.747 3300.0 142.356 160.272 4.262 
S04 20.67 70.129 3348.9 149.455 162.017 3.523 
S05 20.59 71.111 3463.8 147.047 168.229 4.408 
Additionally, a slight increase of 0.2% proof stress (0.2Rp) of S04 when 
compared to other samples is evident as well as a decrease in ductility (%Agt). 
Hypothetically, the response of the alloy reported by Handleigh Castings 
Technology ref [15] explains the consequence of exceeding impurity limits of 
elements such as copper and nickel to decrease ductility of the alloy. Piyada 
Suwanpinij and Usanee Kitkamthorn et al. reported the formation of iron and/or 
manganese intermetallics plate or needle like morphologies which form on 
A356.0 alloys, amounts of which depend on cooling rate and alloy composition 
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[54]. However, in such morphologies, the alloy strength is reported to debase 
[54], as in the A356.0 alloy addressed in this study compared to Table 1 
expected mechanical properties of similar alloys. Chemical segregation of 
these element/s on the melt alloy could result in localised excess of each such 
as copper in the casting as a result of melt convection.  
4.5. Summary  
The liquid to solid phase transformation has a vital influence on the 
macroscopic properties of aluminium alloys. Therefore, this chapter focussed 
on macro- and microscopic evidence to study the influence of RHS mould/alloy 
response as a result of varying cooling flux and LHS mould/alloy heat transfer 
as a result of built in foundry hotbox. 
• The cooling rate at RHS mould cooling position is found to be directly 
and indirectly proportional to the porous structure above and below 
respectively at similar switch on and off times. Therefore, the research 
component is still susceptible to shrinkage porosity at maintained switch 
on and off times. 
• Three-point sampling method (N1, N2 and N3) on a test zone (i.e. Zone 
2 to 16) is found not to give a proper solidification nature for near thin 
casting.  
• Visual raw casting (the whole product) defects (“hot-scrap”) corrected 
by die temperature ramping are found to increase plant hot-scrap 
resulting to increased foundry scrap.  
• Measured SDAS for research alloy was found to be within the projected 
maximum of 60 μm and minimum of 36 μm by R.N Grugel (1993) 
curves.   
Due to multiple influencers to growth rate solidification parameter (i.e. 
solidification front thermal gradient G), R.N Grugel curves projected a 
minimum of 95 um/s and maximum of 300 μm/s at thermal gradients of 15 
K/mm for 4, 6, 8, 10 and 12 silicon wt% to 5 K/mm for 6 silicon wt%. 
Chapter 4  Research Component Solidification Analysis 
107 
 
Computed range for the alloy in question is detailed on the next section of 
work which covers computational analysis and optimised sampling at test 
locations. 
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Chapter 5 Optimised Sampling and Research Question 
5.1. Introduction  
In this chapter, a batch of KCl+Ti and NaCl+KCl flux treated casting sections 
manufactured in the foundry preferred conditions and process were collected 
and analysed within the optimised sampling method learnt from the first section 
of work (“Chapter 4 Solidification Analysis”).  
To address true solidification phenomena for the study profile, optimised 
sampling between N1 and N3 had to be addressed for all 8 zones of interest. 
Therefore, five positions (M1 to M5) per zone of interest were set in order to 
address the true solidification transition between both mould wall/casting 
interfaces and top – down solidification for the research casting section. 
5.2. Die Casting  
The die casting and research process followed in this part of the study are 
detailed in section 4.2  of the previous chapter. Die casting experienced no 
alterations of process and cooling cycles for research component directional 
solidification in a mass production environment.  Optimised sampling on the 
research component for this part of the analysis is detailed in Figure 5.1. 
5.2.1. Sample Extraction Detail (Optimised Method) 
Optimised sampling (in Figure 5.1) proposed five test positions per zone of 
interest to map true study section solidification history between both mould 
wall/casting interfaces.  A tensile sample was also extracted at a similar 
position to that addressed in Chapter 4 “Solidification Analysis”. Each test area 
represented a 2 mm x 4 mm minimum to a maximum of 2.6 mm x 4 mm. 
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Figure 5.1: Optimised research section sampling method detailing RHS mould 
tempering position and zone 2 to 16 (y – axis) at M1, M2, M3, M4 and M5 (x – axis) test 
positions including DIN 50125, 5 mm diameter tensile sample positions. 
5.2.2. Research Section Process Environment 
This section of work focussed on addressing continuous production cycles of 
the research section at optimised sampling developed from the findings of 
previous chapters. Both cooling and casting processes were kept constant for 
40 casting cycles of each NaCl+KCl and KCl+Ti master alloy treated melts 
(foundry alloy “a” and alloy “b” respectively).  
Table 17: Continuous casting cycles for both (a) NaCl+KCl and (b) KCl+Ti batch 
casting parameter 
Sample 
No. 
Air 
Pressure 
Air Flow 
rate 
Natural 
Convection  
Cooling Time 
Water 
Quenching 
time 
Room 
Temperature 
Quenching 
water 
temperature. 
[bars] [Nm3/h] [seconds] [seconds] [oC] [oC] 
ALL 3 95 150 120 35 80 
To reduce external factors which could skew results across test batches, the 
same casting machines were utilised for the production of both batches, 
although separated by casting dates. Room conditions were tested to secure 
foundry mould natural convection consistency across casting dates. Tooling 
maintenance before each casting date was performed with in foundry standard 
procedures. 
LHS Tooling Side 
    
RHS Tooling Side 
    
 
    
RHS Mould Cooling Position 
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5.3. Component Solidification in Continuous Production Process 
Samples at this stage of the research were directionally solidified at constant 
casting cycles under the foundry die casting process. Sampling focussed on a 
similar concept to Chapter 4 to address solidification of <100> dendrites and 
microstructure transition between both mould wall/casting interfaces. This 
study used NaCl+KCl and KCl+Ti melt treated alloys similar to those of the 
Preliminary Study (computational test and validation) alloy “a” and alloy “b” 
(refer to Figure 3.7). 
5.3.1. Porosity   
Mirror polished samples of the research component were prepared to address 
the concept of tool design and the introduction of the hotbox on 1.2343 tool 
steel (LHS mould) as discussed in 2.3.1 Cavity and Tooling Design.  
 
Figure 5.2: Mirror polished pictures of NaCl+KCl melt treated research component for 
P01_S01_R_24_BC sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling 
rate rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
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Figure 5.3: Mirror polished pictures of NaCl+KCl melt treated research component for 
P01_S03_R_24_BC sample (foundry casting process)  at 3 bars,95 Nm3/hr cooling rate 
rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
 
Figure 5.4: Mirror polished pictures of NaCl+KCl melt treated research component for 
P01_S12_R_24_BC sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling 
rate rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
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Figure 5.5: Mirror polished pictures of NaCl+KCl melt treated research component for 
P01_S14_R_24_BC sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling 
rate rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
 
Figure 5.6: Mirror polished pictures of KCl+Ti melt treated research component for 
P01_S01_R_82_BC sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling 
rate rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
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Figure 5.7: Mirror polished pictures of KCl+Ti melt treated research component for 
P01_S03_R_82_BC sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling 
rate rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
 
Figure 5.8: Mirror polished pictures of KCl+Ti melt treated research component for 
P01_S12_R_82_BC sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling 
rate rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
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Figure 5.9: Mirror polished pictures of KCl+Ti melt treated research component for 
P01_S14_R_82_BC sample (foundry casting process)  at 3 bars, 95 Nm3/hr cooling 
rate rotated +/-900 anticlockwise from the orientation detailed in Figure 4.1. 
Samples detailed in Figure 5.2 to Figure 5.3 indicates minimal porous structure 
at location “c”, where’s a progressive increase in porosity at location “c” of 
KCl+Ti flux treated samples is evident from the mirror polished samples of 
Figure 5.6 to Figure 5.9. By tooling design, the position of the porosity is due 
to the hotbox located at location “c” of 1.2343 tool steel mould (2.3.1 Cavity 
and Tooling Design). However, progressive increases could be due to a variety 
of parameters such as continuously drying hot air trapped in the hotbox at 1 
atm or poor maintenance of the mould/casting coating interface.  
5.3.2. Secondary Dendrite Arm Spacing 
Secondary dendrite arm spacing serves as a proportional correlation with local 
solidification time guided by Equation 1  derived from curves 
presented in Figure 2.8 of R.N. Grugel (1993) for different concentrations of 
silicon element.  In this part of the analysis, an improved approach to the 
research casting component was set from that conducted in 4.4.2 of Chapter 
4. In Chapter 4, average SDAS curves that maintained a positive parabolic 
shape were found to be representative of SDAS characteristic behaviour for 
near sound casting. However, a three-point test method (N1, N2 and N3 test 
2
1
2 10 ft=λ
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positions at similar test positions M1, M3 and M5) is not a proper sampling 
method which can be used for solidification transition between two chill zones 
(both mould wall/casting interfaces) without considering the influence of 
transition zones (M2/M4) to the probably equiaxed microstructure zone 
(N2/M3). Therefore, curves presented from Figure 5.10 to Figure 5.17 below 
were generated to interpret the solidification behaviour of each zone. 
 
Figure 5.10: Sample one of A356.0 alloy treated with NaCl+KCl flux (...S01_R_24...) 
average secondary dendrite arm spacing characteristic curves per test position. 
 
Figure 5.11: Sample one of A356.0 alloy treated with KCl+Ti flux (...S01_R_82...) 
average secondary dendrite arm spacing characteristic curves per test position. 
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Figure 5.12: Sample three of A356.0 alloy treated with NaCl+KCl flux (...S03_R_24...) 
average secondary dendrite arm spacing characteristic curves per test position. 
 
Figure 5.13: Sample three of A356.0 alloy treated with KCl+Ti flux (...S03_R_82...) 
average secondary dendrite arm spacing characteristic curves per test position. 
3
8
13
18
23
25
30
35
40
45
50
0 2 4 6 8 10 12 14
Lo
ca
l s
ol
id
ifi
ca
tio
n 
tim
e 
(s
ec
)
SD
AS
  (
μm
)
x-axis co-ordinates referenced from the LHS mould wall/casting interface (mm)
P01_S03_R_24_BC
Average Secondary Dendrite Arm Spacing Characteristic results as per test position (Zone) 
Zone 2 Zone 4 Zone 6 Zone 8
Zone 10 Zone 12 Zone 14 Zone 16
M
1
-T
es
t P
os
iti
on
M
5
-T
es
t P
os
iti
on
M
3
-T
es
t P
os
iti
on
M
2
-T
es
t P
os
iti
on
M
4
-T
es
t P
os
iti
on
5
7
9
11
13
15
17
19
21
23
25
30
35
40
45
50
0 2 4 6 8 10 12 14
Lo
ca
l s
ol
id
ifi
ca
tio
n 
tim
e 
(s
ec
)
SD
AS
  (
μm
)
x-axis co-ordinates referenced from the LHS mould wall/casting interface (mm)
P01_S03_R_82_BC
Average Secondary Dendrite Arm Spacing Characteristic results as per test position (Zone) 
Zone 2 Zone 4 Zone 6 Zone 8
Zone 10 Zone 12 Zone 14 Zone 16
M
1
-T
es
t P
os
iti
on
M
5
-T
es
t P
os
iti
on
M
3
-T
es
t P
os
iti
on
M
2
-T
es
t P
os
iti
on
M
4
-T
es
t P
os
iti
on
Chapter 5  Optimised Sampling and Research Question 
117 
 
 
Figure 5.14: Sample twelve of A356.0 alloy treated with KCl+Ti flux (...S12_R_82...) 
average secondary dendrite arm spacing characteristic curves per test position. 
 
Figure 5.15: Sample twelve of A356.0 alloy treated with NaCl+KCl flux (...S12_R_24...) 
average secondary dendrite arm spacing characteristic curves per test position. 
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Figure 5.16: Sample fourteen of A356.0 alloy treated with KCl+Ti flux (...S14_R_82...) 
average secondary dendrite arm spacing characteristic curves per test position. 
 
Figure 5.17: Sample fourteen of A356.0 alloy treated with NaCl+KCl flux 
(...S14_R_24...) average secondary dendrite arm spacing characteristic curves per test 
position. 
Optimised testing and generated results of Figure 5.10 to Figure 5.17 
highlighted better average SDAS characteristic of near sound castings. A wave 
type average SDAS characteristic behaviour from the mould wall/casting 
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interface for NaCl+KCl treated alloy samples and, a near to wave type for 
KCl+Ti treated alloy samples, are rather flat (maintained minimum variation 
across test zones) as compared to NaCl+KCl flux treated samples.  
This major difference between SDAS behaviour for both alloys (“a” and “b”) 
indicates a considerable difference during coarsening conditions which drive 
nucleation and dendrite growth or solidification phenomena across the test 
zones. As such, many studies report microstructure parameters (i.e. SDAS) to 
be inversely proportional to the behaviour of the solidification parameters (i.e. 
growth rate) [55] [56]. In other studies, solidification parameters such as growth 
rate are known to be influenced by melt element segregations and alloy 
compositions [49]. This highlights the fact that A356.0 alloy treated with 
NaCl+KCl plus TiB2 master alloy rods experience nucleation formations which 
fully depend on the thermal gradient driven by tool steel heat flux loss. In this 
case, for sound casting to form, a perfect “sinƟ” curve-like SDAS as a function 
of test area (M1 to M5) must be present in which M3 must be lower that M2 
and M4 indicating a higher growth rate as a result of elements segregated from 
M2 and M4 to the centre of the component (area M3). Concurrently, for the M3 
area on the zone below the first M3 to solidify, it must be at a minimum of 30% 
fraction liquid to compensate for solidification shrinkage of the above M3 area. 
This concept is known as directional solidification. In the case of A356.0 alloy 
treated with KCl+Ti flux plus TiB2 master alloy rods, constitutional supercooling 
is evident due to near flat SDAS curves as a function of sample thickness seen 
in most “…R_82_BC” curves.  
Similar to growth rate and directional solidification phenomena explained 
above, near flat SDAS curve/s across test zones and test areas indicates 
similar melt average compositions resulting in similar growth rates. 
Additionally, this also indicates that zones near to the filling gate complete the 
solidification process before the upper end component test zones.   
SDAS progressive increase towards the casting centre and constant average 
secondary dendrite arm spacing for NaCl+KCl and KCl+Ti respectively are 
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also evident on samples reported in Chapter 3 (billet casting) addressed on 
similar alloys (“alloy a” and “alloy b”).  
Additionally, the influence of the mould wall/casting interface on the LHS (Hot 
boxed 1.2343 Tool Steel) and RHS (partially insulated GG25 cast iron) moulds 
is evident as per test zone and corresponding alloy at reported SDAS 
magnitudes across all samples. The measured data for the SDAS values at 
the mould/casting interface indicated slight differences for NaCl+KCl and 
KCl+Ti master alloy processed alloys at standard deviations of 3 μm, and 5 
μm respectively. 
Furthermore, average secondary dendrite arm spacing characteristic curves 
as per test zones and area of interest for alloys treated with KCl+Ti 
(....R_82_BC) and NaCl+KCl (....R_24_BC) were generated (on Figure 5.18 to 
Figure 5.22), each defined at 15% margin of error as per test data.  
 
Figure 5.18: M1 average secondary dendrite arm spacing characteristic curves as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
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Figure 5.19: M2 average secondary dendrite arm spacing characteristic curves as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
 
Figure 5.20: M3 average secondary dendrite arm spacing characteristic curves as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
 
Figure 5.21: M4 average secondary dendrite arm spacing characteristic curves as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
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Figure 5.22: M5 average secondary dendrite arm spacing characteristic curves as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
Tested locations experienced a continuous higher average SDAS for alloys 
treated with KCl+Ti grain refiner and cleaning flux than those processed with 
NaCl+KCl cleaning flux. The study conducted by R.N Grugel (1993) and 
theoretical models of  proposed by Hunt (1979), Kurtz and Fisher (1981), 
Trivedi (1984), Bouchard and Kirkaldy (1996) presented curves which reported 
growth velocity ( ), silicon concentration and/or alloy composition ( ) and 
thermal gradient ( ) as a function of average SDAS ( ) [34]. To A356.0 and 
similar casting conditions for the alloys {treated with (a) KCl+Ti, (b) NaCl+KCl} 
in question. Growth rate ( ) and alloy average composition ( ) became a 
more susceptible driver for the differences experienced by average SDAS of 
both alloys when considering the order of NaCl flux to that of KCl+Ti flux (Table 
8). In H. Kaya and E. Cadırlı et al. (2007), the notion of SDAS as the 
microstructural parameter with  and  being solidification parameters was 
introduced. Therefore, solidification concept of the component in question was 
further addressed in this study. 
SDAS response reported in this study was applied in this part of the analysis 
to define solidification phenomenon experienced by foundry alloys study 
samples. Furthermore, solidification parameters such as solid/liquid interface 
thermal gradients and cooling rates were computed through a computational 
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environment to define local growth rates from measured average  values of 
NaCl+KCl and KCl+Ti flux treated A356.0. Computational adjustments to 
minimise computational error were performed via MAGMA5.3 reverse 
optimisation from the view of mould thermocouple data at area/s of concern. 
Computational data and results were then cross referenced to foundry final 
product at similar die casting conditions [refer to 5.4 Computational Analysis 
of Process (using MAGMA5)]. 
 
Figure 5.23: M1 average growth rate curves as per test zone for alloys treated with 
KCl+Ti  (....R_82_BC) and NaCl+KCl  (....R_24_BC). 
 
Figure 5.24: M2 average growth rate curves as per test zone for alloys treated with 
KCl+Ti  (....R_82_BC) and NaCl+KCl  (....R_24_BC). 
2λ
0,00
0,50
1,00
1,50
2,00
2,50
3,00
0 2 4 6 8 10 12 14 16 18
G
ro
w
th
 R
at
e 
(μ
m
/s
ec
)
Test Position (zone)
M1 Average Growth rate curves as per test zone for alloys treated with KCl+Ti (....R_82_BC) and 
(....R_24_BC) NaCl+KCl 
P01_S…_R_24_BC (Average)
P01_S…_R_82_BC (Average)
LHS Mould HotBoxed Zones
Foundry Fundametal Directional Solidification Concept
→ →
1,00
1,50
2,00
2,50
3,00
3,50
4,00
4,50
0 2 4 6 8 10 12 14 16 18
G
ro
w
th
 R
at
e 
(μ
m
/s
ec
)
Test Position (zone)
M2 Average Growth rate curves as per test zone for alloys treated with KCl+Ti (....R_82_BC) and 
(....R_24_BC) NaCl+KCl) 
P01_S…_R_24_BC (Average)
P01_S…_R_82_BC (Average)
LHS Mould HotBoxed Zones
Foundry Fundametal Directional Solidification Concept
→ →
Chapter 5  Optimised Sampling and Research Question 
124 
 
 
Figure 5.25: M3 average growth rate curves as per test zone for alloys treated with 
KCl+Ti  (....R_82_BC) and NaCl+KCl  (....R_24_BC). 
 
Figure 5.26: M4 average growth rate curves as per test zone for alloys treated with 
KCl+Ti  (....R_82_BC) and NaCl+KCl  (....R_24_BC). 
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location adhering equiaxed zone solidification phenomena with bottom to 
higher zones (i.e. Zone 2 to 16) decreasing mould to alloy thermal gradient. 
The findings support theoretical studies and models highlighted in H. Kaya, E. 
Cadırlı, and M. Gu¨ndu¨z (2007) on the relationship of microstructure and 
solidification parameters (in this study secondary dendrite arm spacing [ ] 
and growth rate [ ] respectively) [57]. According to the results achieved by 
W.W. Mullins, R.F Sekerka (1963) and L. Makkonen et al. (2000), models 
indicated an increase in the solidification parameters resulted in a decrease in 
microstructure parameters [55] [56]. Notable results were experienced at the 
centre of the casting component (M3), in which an exponential growth rate [ ] 
was evident for both alloys (Figure 5.25). Additionally, the interface (M1 and 
M5) growth rate with intermediate test location (M2 and M4) seemed to be 
inversely proportional by gradient to the casting centre growth rate behaviour. 
 
Figure 5.27: M5 average growth rate curves as per test zone for alloys treated with 
KCl+Ti  (....R_82_BC) and NaCl+KCl  (....R_24_BC). 
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interfaces which differ in mould design, mould material and applied coating. 
Therefore, a drop in growth rate from zone 10 to 16 is evident on intermediate 
test location M2 and M4 respectively for NaCl+KCl and KCl+Ti flux treated melt 
samples (Figure 5.24 and Figure 5.26). Similarly, there is a constant growth 
rate from zone 4 to 8 and 2 to 6 for test location M2 and M4 respectively. 
5.3.3. Static Test Results for A356.0 Aluminium Alloy  
The tensile test approach in this part of the study focussed on addressing 
DIN50125 5 mm diameter tensile sample response of both analysed alloys at 
production environment of A356.0. Six random selected casting samples from 
foundry casting cycles were tested.  
 
Figure 5.28: A356.0 engineering stress – strain characteristic curves for 
similar/process cooling rates at zone 06 of the research sample. 
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experienced maximum percentage strain of 3.8% and a variation of 1.277 MPa 
(132.28 N) to UTS (FM) at similar casting cycles as a result of inclusion 
characteristic.   
Reference to the mechanical properties in Chapter 4 and Chapter 5 of KCl+Ti 
treated alloy indicates average improvements of 200 N (appr. 6.3%), 10 MPa 
(appr. 7.4%), 19.7 MPa (appr. 13.7%) and 1.23 (approx. 8.7%) for A356.0 
maximum force [FM], 0.2Rp proof stress, UTS and maximum strain [Agt%] 
respectively at 5 seconds early switch on and delayed cooling cycle time with 
prolonged casting cycle. 
Table 18: Mechanical properties of A356.0 Aluminium Cast Alloy for samples cooled at 
5 bars – 110 Nm3/hr for 271 seconds cycle time. Cooling cycle time on and off at 40 
and 200 seconds consecutively.  
Test Sample No. 
Cross 
Sectional 
Area 
Young's 
Modulus 
Max. 
Force 
Proof 
Stress 
Ultimate 
Tensile 
Stress 
Max. 
Strain 
So [mm2] 
E 
 [GPa] 
FM  
[N] 
Rp0,2 
[MPa] 
UTS 
[MPa] 
Agt  
[%] 
P01_S02_R_24_BC 20.59 68.121 3192.54 137.160 150.091 3.810 
P01_S05_R_24_BC 20.59 70.244 3060.92 133.143 129.632 3.234 
P01_S11_R_24_BC 20.59 70.243 3242.56 138.133 149.575 3.372 
P01_SC3_R_82_BC 20.59 71.121 3324.82 135.034 148.814 3.800 
P01_SB16_R_82_BC 20.59 68.058 3138.14 136.829 141.578 2.830 
P01_S20_R_82_BC 20.59 70.480 3050.30 - 141.285 2.032 
Therefore, maximum strain was shown to decrease for increasing number of 
casting cycles for NaCl+KCl and inconclusive for KCl+Ti flux treated samples 
(visual definition in Figure 5.28).  
5.4. Computational Analysis of Process (using MAGMA5) 
Computational analysis covered 6 simulation cycles of KCl+Ti flux treated 
casting section computed at foundry preferred casting and cooling conditions. 
Computation test points were positioned at areas and test zones as indicated 
in Figure 5.1 of the optimised sampling method.  
Global linear hexahedron enmeshment for Solver5 application was applied 
across the computational analysis of the research component. Parameter sets 
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for standard die casting components, cooling medium, casting and machining 
allowance were set at 9 mm of standard enmeshment and 2 mm for cooling 
and advanced enmeshment respectively.   
Similarly to the Preliminary Study (computational test and validation), mesh 
generation for the casting and research section in Figure 5.1 was set for a 
reduced simulation time of 1 h 58 min on a 32CPU machine for 6 simulation 
cycles. 
Default MAGMA 1.2343 tool steel LHS mould with 200 μm of foundry applied 
coat and GJL250 cast iron with 200 μm layer thicknesses of foundry applied 
coat properties were selected. Heat transfer coefficients [HTCs] for the coats 
were extracted from the supplier’s manual at specified conditions. RHS mould 
GJL250 tempering was then reverse optimised for true mould casting thermal 
gradients.    
This study focussed on both alloy “a” and “b” detailed in Figure 3.14 for 
MAGMA5 computation. Therefore, the casting and mould heat transfer 
condition at the mould/casting interface was selected from a developed 
MAGMA5 Coat HTC dataset for specification of the heat transfer between 
materials for temperature dependent AlSi7Mg – mould conditions with melt 
and mould initial temperature of 700 oC and 450 oC consecutively. 
Furthermore, the HTC dataset for mould components in contact and mould 
direct tempering (interfaces) was selected from default MAGMA5/C800 
constant and developed MAGMA5 tempering HTC respectively. Casting mould 
boundary definition was kept at MAGMA5 default lpdc for mould materials and 
MAGMA5 default for casting and machining allowance. 
This section of work involved 2 heating cycles and 4 casting cycles to both 
minimise simulation time and still achieve mould casting temperatures at set 
virtual casting environments. A virtual thermocouple was positioned 10 mm 
from the mould wall/casting interface at a similar position to that of the Datapaq 
Tpaq21 K – type thermocouple located on the RHS GG25 cast iron mould. 
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With thermal data recorded, application of MAGMA5 reverse optimisation was 
possible for MAGMA5 GJ250 [equivalent to GG25 cast iron mould] for virtual 
to real thermal casting cycles calibration. This thereby allowed an improved 
projection of local growth rate at research sample areas of interest by using: 
Equation 4 (refer to 51) where: 
•  – is local solidification time computed from Equation 1, 
•  – is the measure average for SDAS stipulated in Figure 5.10 to 
Figure 5.22,  
•  – equivalent to 71 oC for Al7Si0.3Mg – alloy freeze range from 
MAGMA5 alloy liquidus and solidus temperatures, and 
•  – is MAGMA5 marshy zone local thermal gradient stipulated in 
Appendix F: (Figure 7.10 to Figure 7.17).  
Computational developments discussed in the previous chapters allowed a 
better test and validation in this chapter for virtual to foundry casting results 
and defects. Furthermore, use of interface MAGMA5 application factors for 
true orientation of microporosity experienced by non-optimised foundry casting 
was possible. 
5.4.1.1. Computational Results  
Computational results present solidification morphology of “alloy a” and “alloy 
b” of the study. The fraction liquid for zone 2 to 6 of sampling areas M1 to M5 
as a function of local solidification time were addressed. Both alloys adhered 
to a 30% MAGMA5 feeding effectivity as discussed in Chapter 3 “Preliminary 
Study (computational test and validation)” and the chemical balance presented 
in Figure 3.14. Furthermore, the application of characteristic curves which 
define temperature time cyclic response for RHS GG25 cast iron mould 
thermocouples on both virtual environment and recorded were utilised for 
MAGMA5 RHS mould HTC reverse optimisation.  
ft
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M1 to M5 Growth rate ( ) curves as per test zone for alloys treated with 
KCl+Ti (.... R_82_BC) and NaCl+KCl (.... R_24_BC) were analysed to define 
average chemical composition ( ) phenomena as discussed in multiple 
studies including R.N. Grugel (1993) [34]. 
HTCs for computational developments were one of the most important 
parameters for a high accurate computational model. Data collection of 
thermal history from foundry RHS GG25 mould casting conditions (Figure 4.3) 
was performed for the intent of using MAGMA 5.3 reverse mould HTC 
optimisation. Two stages of thermal data collection were performed and 
experienced maximum error of approximately 2% between curves at stable 
casting conditions. Thereafter, MAGMA5 domain of components detailed in 
2.3 Mould Design (Tooling) with foundry casting process was developed. 
Therefore, the first 5 stable casting cycles from Figure 4.3 were selected for 
reverse optimisation and subsequently compared to the thermal data achieved 
from an optimised HTC of the RHS GJL250 MAGMA5 foundry mould (Figure 
5.29). Characteristic thermal curves at Figure 5.29 defined the beginning of 
casting cycle/s, first thermal peak locations (A/A”, B/B”,…….,E/E”), second 
thermal peak locations (a/a”, b/b”,…….,e/e”), end of casting cycle, human 
delay period to the next casting cycle and coincidentally identical period 
positioned at the 4th casting cycle. First and second thermal peaks occurred 
just after complete casting cavity filling and RHS tempering switch off 
respectively. 
Fourth casting cycle/s presented in Figure 5.29 were comparable by process 
and presented the opportunity to analyse thermal history and a shift in thermal 
cycles as a result of a delay period for both real and virtual optimised thermal 
data. Therefore, at peak and dropping temperatures, thermal rate was identical 
for both environments. However, a noticeable difference in both moulds 
between specific heat capacities after first and second thermal peak/s {(A/A”, 
B/B” ……., E/E”) & (a/a”, b/b” ……., e/e”)} at similar casting stages was 
G
0C
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evident. Additionally, the margin of error between curves fluctuated from a 
minimum of 0 oC to a maximum of 25.20 oC, 18.76 oC, 16.36 oC, 17.34 oC and 
20 oC thermal difference at similar stages of casting cycle 1 to 5 respectively. 
Therefore, MAGMA5 GJL250 HTC achieved from “TM3_GJL250_MAGMA 5.3 
Reverse Optimised” curve was accepted for further computational research. 
The virtual domain for foundry projects was developed for the computational 
study of both MAGMA “alloy a” and “alloy b”. HTC of cooling air at the RHS 
mould side was also developed as detailed in the study above. Therefore, 
characteristic curves that define average performances for Zone 2 to 16 of M1 
to M5 - Fraction liquid (%) as a function of local solidification time for 30% 
feeding effectivity MAGMA5 alloy “b” detailed in Figure 3.14 for the research 
component detailed in Figure 5.1 could be generated for the projection of 
progressive and directional solidification of the research component. 
 
Figure 5.29: Characteristic curves which define temperature time cyclic response for 
RHS GG25 and/or GJ250 mould thermocouples on both virtual environment and 
recorded. 
Progressive solidification adhere to the vertical component and directional 
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(Figure 5.30), one can observe a typical arrangement of higher fraction liquid 
at a specific solidification period for M3 sampling position followed by transition 
test location of M2/M4, with M1/M5 lastly experiencing lower localised fraction 
liquid with a distinct difference between the 30 to 50 second mark. 
Furthermore, the residual liquid flow through porous dendritic networks as per 
D’Arcy’s law is observed to approach a 40% fraction liquid mark post estimated 
capillary flow model for volume fraction liquid of less than 35% ( 0.35) (refer 
to Figure 5.30) [58]. 
 
Figure 5.30: Typical average performance for Zone 2 to 16 of M1 to M5 - Fraction liquid 
(%) as a function of local solidification time (s) characteristic curve for 30% feeding 
effectivity MAGMA5 alloy (b) detailed in Figure 3.14 for research component detailed 
in Figure 5.1. 
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The data in Figure 5.31 to Figure 5.38 specifically focussed on  – phase 
solidification above 40% fraction liquid on zones of interest for KCl+Ti flux 
treated A356.0 alloy to address sample progressive solidification. Curves in 
detail complement the typical foundry A356.0 fraction liquid curve (Figure 5.30) 
for the component in question with only a few critical deviations. 
Solidification phenomena at chill zones indicated that the LHS mould interface 
“M1” experienced a higher fraction liquid ( ) at zone 4, 8, 10, and 14 when 
compared to the RHS mould chill zone “M5” with the exception of test zone 2 
and 6 where the local fraction liquid of M5 was higher than the corresponding 
M1 {M5 ( ) < M1 ( )}, and, zone 12 and 16 experiencing equivalent  
within experimental error. Zone 6 of the casting component from RHS mould 
side experienced force cooling which manipulated a higher fraction liquid order 
at the LHS mould (“M1”) in the favour of the RHS mould interface (“M5”). 
 
Figure 5.31: Zone 2 – MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
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Figure 5.32: Zone 4 - MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
 
Figure 5.33: Zone 6 - MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
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Figure 5.34: Zone 8 - MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
 
Figure 5.35: Zone 10 - MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
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Figure 5.36: Zone 12 - MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
 
Figure 5.37: Zone 14 - MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
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Figure 5.38: Zone 16 - MAGMA5 computed area M1, M2, M3, M4 and M5 marshy zone 
fraction liquid (%) as a function of progressive solidification time (s) characteristic 
curve. 
Directional solidification by foundry tool design and casting process is intended 
to be as per zone 16 to zone 2 on the research sample. The curves in this part 
of the study focussed on addressing the concept of research sample per test 
area of a sample as indicated in Figure 5.1. 
The fraction liquid time at porous dendritic network solidification stage ( –
FLTime) for  was monitored to evaluate the concept. However, a 
noticeable abrupt deviation of zone 2 and 4 indicated a prolonged FLTime 
which may remain within necessary local solidification period for sound 
research component/casting. Test locations M2 to M5 also indicated a 
progressive FLTime of zone 6. The balance of RHS and LHS tooling heat 
transfer at zone 2 to 6 indicated a new possible fundamental tooling approach 
for the component in question. Therefore, research component computational 
optimisation was addressed in Chapter 6  as per the findings achieved for the 
benefit of computational development for the foundry process. 
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Figure 5.39: Zone 2 to 16 @ M1 marshy zone fraction liquid (%) as a function of 
directional solidification time (s) characteristic curve. 
 
Figure 5.40: Zone 2 to 16 @ M2 marshy zone fraction liquid (%) as a function of 
directional solidification time (s) characteristic curve. 
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Figure 5.41: Zone 2 to 16 @ M3 marshy zone fraction liquid (%) as a function of 
directional solidification time (s) characteristic curve. 
 
Figure 5.42: Zone 2 to 16 @ M4 marshy zone fraction liquid (%) as a function of 
directional solidification time (s) characteristic curve. 
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Figure 5.43: Zone 2 to 16 @ M5 Marshy zone fraction Liquid (%) as a function of 
directional solidification time (s) characteristic curve. 
5.5. Summary 
The research component at this stage of the research was addressed at 
optimised sampling developed across research progressive study and 
computational development. To this end, production environment sampling for 
detail and response of porosity distribution, secondary dendrite arm spacing 
and tensile test was analysed. To further address solidification parameters, a 
computational model for the research component was calibrated within reason. 
Therefore, directional solidification growth rate of both KCl+Ti and NaCl+KCl 
flux treated A356.0 alloys comparison was possible, and thereby KCl+Ti batch 
was further analysed in a computational environment for progressive and 
directional solidification.  
Correlation of microporosity for both computational environments in the 
foundry samples was achieved after 6 simulation casting cycles (number of 
virtual casting cycles needed to reach virtual mould mean casting 
temperatures if initial mould temperatures are assumed to be 450 oC). 
Magnitude (porosity) by percentage for the tested samples could not be 
generated as the foundry samples showed a progressive increase with 
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production time. However, a conclusion could be reached as orientation was 
similar for both environments.  
Microstructure parameters such as SDAS reported as measured, indicated a 
distinct progressive interpolation of mould/casting interfaces to casting centre 
for both KCl+Ti and NaCl+KCl Al – alloy treated with similar addition of TiB2 
master alloy rods. This indicated the difference in average composition and 
imbalance to grain refining elements available to both treated A356.0 research 
alloys. This indicated the importance to calibrate AlSi7Mg – perm MAGMA5 
alloy as studied in Chapter 3 for any foundry computational study (see Figure 
3.14). 
Computational fraction liquid data indicated a fundamental foundry approach 
to directional solidification concept. However, the last three or bottom three 
test zones for the research sample indicated a prolonged solidification time. 
The directional solidification average growth rate during porous dendritic 
network solidification for foundry samples with computational fraction liquid 
data indicated varying growth rates across test zones. This was mostly 
constant at chill zone/s, with an exponential drop at the centre of the research 
component and the transition test areas experiencing inverse growth rates. 
Thereafter there was accelerated growth rate near the hot boxed tool steel 
mould for hot boxed transition zones, which then remained constant for the 
remaining solidifying zones.  
Additionally, tensile tests conducted across NaCl+KCl and KCl+Ti flux treated 
Al – alloy at similar addition of 4 TiB2 master alloy rods indicated no significant 
difference in mechanical properties at similar casting process and sample 
number (i.e. second KCl+Ti sample after die heating _B_R_82_ and third 
NaCl+KCl sample after die heating _SC_R_24_, refer to Figure 5.28).  
However, early switch on and prolonged casting and cooling cycles indicated 
improved mechanical properties of the A356.0 research, decreasing maximum 
strain for NaCl+KCl flux treated alloy and was inconclusive for the KCl+Ti 
fluxed batch.  
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Chapter 6 Research Component Virtual Optimisation 
6.1. Introduction  
There are multiple options for virtual optimisation to achieve sound casting or 
improve research component quality. In this part of the study, tooling 
optimisation is of interest to improve the fundamental approach of sound 
casting addressed in previous chapters. To this end, a cooler or rather low 
energy content LHS mould relative to the RHS mould is proposed at the 
beginning of the filling stage. This will result in higher heat transfer coefficient 
“Lambda” – ( ) and low specific heat capacity ( ) LHS mould when 
compared to RHS mould wall conditions during the rest of the casting stage 
(refer to Figure 6.1 and Figure 6.2). Therefore, multiple geometric parameters 
for each mould design for the sketch points detailed in Figure 6.3 were 
proposed.  
6.2. Computational analysis 
6.2.1. Materials  
At stage 1, foundry tooling material as indicated in previous chapters was kept 
for first mould virtual optimisation. The only alteration was implemented on the 
foundry coating for default AlSi7Mg – perm default MAGMA5 coating.  
At stage 2, Default MAGMA 1.2344 (H13) tool steel and HS40 (EN-GJMB) cast 
iron with AlSi7Mg – perm default MAGMA5 coating were the initial material 
selections for the RHS and LHS moulds respectively. The foundry LHS mould 
standard hotbox and hot air were removed and replaced with MAGMA cooling 
medium to achieve the proposed tooling to melt/casting temperature gradient 
per casting cycle. Insulation was then added on the RHS mould to increase 
the thermal difference between LHS and RHS mould casting interfaces for 
manipulation of progressive solidification. The method focussed on offsetting 
microporosity based on the microporosity concept covered in Chapter 2 of the 
mKW / pC
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study reported from the findings of John Campbell and Richard A. Harding 
(1994) [10]. 
 
Figure 6.1: Lambda properties for User defined HS40 cast iron and Default MAGMA5 
1.2344 tool steel [59]. 
 
Figure 6.2: Specific heat capacity properties for User defined HS40 cast iron and 
Default MAGMA5 1.2344 tool steel [59]. 
Computational optimisation of the study only focussed on A356.0 alloy treated 
with KCl+TiB2 infused flux and four of the TiB2 master alloy rods (alloy “b”) 
detailed in Figure 3.14 for MAGMA5 computation. The heat transfer definition 
for the MAGMA5 computational environment was kept within the developed 
domain covered in Chapter 2. 
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6.2.2. Computation  
Virtual computation circles focussed on the objective of reducing 
microporosity, and shrinkage porosity at the original project domain 
(MAGMA5) developed in this study, and alloy adjustments addressed in 
Chapter 3 Preliminary Study (computational test and validation). 
 
Figure 6.3: Initial and virtually optimised mould/tooling geometry for current foundry 
casting cavity at research section. 
 
Figure 6.4: Design variables. 
Multiple simulation sets at current foundry production cycle times and process 
were employed in the MAGMA5.3 environment using “solver5” meshing. 
Design variables for tooling were at steps of 10 mm for all geometric 
parameters considered with no dependencies involved (refer to Figure 6.3 for 
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orientation and Figure 6.4 for design limits). Design filters such as correlation 
matrixes and Pareto Sets from a computation tool were used for the selection 
and ranking of satisfactory designs based on the  computational objectives 
addressed in Figure 6.5 and Figure 6.6.  
6.2.2.1. Correlation Matrix  
A correlation matrix shows the influence of design variables and objectives on 
each other [60]. The matrix is considered to be symmetric with an empty main 
diagonal [60]. The other coefficients in the matrix assume values between -1.0 
and 1.0 [60]. Therefore, if the absolute value of a coefficient is close to zero, 
the correlation between the two items is defined to be weak [60]. The 
computation tool used for the study at hand utilised the capability and 
availability of: 
• Correlation matrix with scatter charts (as in Figure 6.7) and 
• Correlation matrix with scatter charts and main effects (as in 
Figure 6.5, see also Figure 6.8). 
Each chart addressed a specific focus and refined the selection of one 
optimised design from “MAGMA design Ranks” (presented in Appendix G:) 
Geometry OCMW6, OCBW for tooling and OCH for cooling arrangement 
indicated a relative influence although weak (if below 0.5) on the level of 
microporosity (Figure 6.5). Therefore, a two-axis refined study for geometry 
OCBW and OCH is further addressed by “Pareto Set” for selection of stable 
design parameters (Figure 6.8). 
Similarly for macroporosity correlation/s, geometric parameters TCITT, 
TCIMT1 and OCMW1 show relative and weak influences for RHS and LHS 
mould geometric designs with the exception of the relatively stronger influence 
of geometric parameter OCMW3 (refer to Figure 6.6).  
The Pareto set in this study described a number of designs (refer to Figure 
6.9) which contained the best solutions according to the formulated objectives 
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[61]. The objectives were weighted equally (software default setting) so that 
computed designs would be ranked first approximately to design objectives on 
average (refer to Table 19 in/or Appendix G:). The evaluation of computed 
Pareto designs were evaluated in both the Bubble and 2-axis charts, Figure 
6.7 and Figure 6.8 respectively. 
 
Figure 6.5: Correlation matrix with scatter charts and main effects for reduction of 
microporosity objective and multiple tooling geometrical parameters.  
 
Figure 6.6: Correlation matrix with scatter charts and main effects for reduction of 
porosity objective and multiple tooling geometrical parameters. 
The scatter chart in Figure 6.7 shows two sets of OCBW and 3 of OCH for 
correlation matrix which defined relative geometric parameters for the 
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reduction of macro and microporosity. As a result, generated designs 
evaluations (in Figure 6.8) for relatively influential geometric parameters 
indicated much more stable designs at Pareto Sets of OCBW 260 mm to 
corresponding OCH dimensions. Correlations generated from design 93 
onwards indicated possible sets for reduced cooling area (OCH) at reduced 
foundry compressed cooling air use (“Tempering”). 
 
Figure 6.7: Bubble chart for geometric design correlation matrix of outer core bottom 
width (OCBW) and RHS mould outer cooling height (OCH). 
 
Figure 6.8: 2–Axis Pareto Set curves for geometric design correlation matrix of outer 
core bottom width (OCBW) and RHS mould outer cooling height (OCH).  
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Figure 6.9: Pareto Set design profiles and ranks with macro-and microporosity 
optimisation weighting for objectives ranked at software default setting. 
 
Figure 6.10: Computational software Pareto Set designs for estimated microporosity 
of (a) raw casting and (b) machined profile/s. 
 
Figure 6.11: Computational software Pareto Set designs for estimated shrinkage 
porosity of (a) raw casting and (b) machined profile/s. 
Therefore, evaluation of Pareto Set, orientation of microporosity, 
macroporosity and application of tempering air at the RHS mould indicated 
rank 32: design 99 of virtual optimisation to be the one to address the 
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fundamental approach to achieve a sound casting or address this study 
objective effectively.  
The bottom-top thickening mould profile achieved at design 99 of mould virtual 
optimisation (Rank 32: design 99 – refer to Figure 6.9) was found to maintain 
viable casting and mould thermal difference in the favour of progressive and 
directional solidification. With this type of design, heating cycles or mould 
heating period maybe prolonged at foundry floor application.  
Therefore, a new approach (2nd optimisation stage – refer to Figure 6.3) to 
achieve similar thermal gradients was proposed with insulation at RHS mould 
side for reduced mould thickness profile. Results achieved indicated improved 
casting quality on both raw and machined casting (c1/c2 - refer to Figure 6.12).  
Slight adjustments on cooling and profile gate or even casting profile may need 
to be further addressed to reduce estimated microporosity at radii of zone 02, 
08 & 10 for virtually optimised profile “c2” (of 2nd stage optimised geometry and 
tooling design – refer to Figure 6.3). 
 
Figure 6.12: Current tooling produced raw casting (a1) with sellable casting (a2), 
virtually optimised tooling geometry for raw casting (b1) with corresponding machined 
casting profile (b2), optimised tooling geometry and material for production of raw 
casting (c1) with corresponding machined casting profile (c2). 
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6.3. Summary 
Designs obtained in this part of the study were generated from the 
computational model developed and focussed on addressing research and 
foundry viable fundamental approaches to achieve a sound casting. As 
mentioned in the study, the new fundamental approach to offset macro- and 
microporosity to machining allowance of the casting was the focus.  
The initial virtual optimisation approach retained original tooling materials, and 
only removed the LHS mould hotbox and hot air domain material definition.  
Results achieved indicated tooling geometry to have a relatively weak matrix 
rating influence on the reduction of macro- and microporosity with only one 
exception of OCMW3 geometric parameter as an influence on macroporosity 
(refer to Figure 6.3 for sketch point orientation and Figure 6.6 for correlation 
matrix). However, the change in tooling geometry influenced changes in 
orientation and/or distribution of both macro- and microporosity (refer to Figure 
6.10 and Figure 6.11).  
In the second stage of virtual optimisation, the introduction of higher heat 
transfer coefficient and low specific heat capacity LHS mould material in 
relation to RHS mould indicated a much improved influence on the size and 
orientation of macro- and microporosity (refer to Figure 6.12). Additionally, the 
evidence of localised microporosity detected by repeatable tensile tests 
fracture zones (above zone 16) of the research component was evident on the 
computational results (refer to Figure 6.12 “profile a1”).  
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Chapter 7 Conclusion and Future Work 
The study focussed on computational testing and validation of the research 
component, then later on the computationally derived fundamental casting 
approach to solve foundry research component microporosity and 
macroporosity complications. The parameters which affect final raw casting 
and computational quality were measured. Initially, two types of flux and TiB2 
master alloy infused A356.0 aluminium melts were studied to predict alloy 
freeze range, computational software percentage feeding effectivity and mould 
casting conditions in a simpler casting platform in Chapter 3.  Later, a full scale 
foundry component sampling to monitor repeatability of the defect on the 
component was employed followed by similar computational study which 
looked at projecting foundry experienced defects. A few adjustments which 
involved inverse optimisation of RHS mould tempering HTC were performed.   
Alloy freeze range was computationally projected to respect short freeze range 
phenomenon at 30% feeding effectivity for both flux and TiB2 infused melts. 
Additional findings on a simpler casting platform (billet foundry casting of 
Chapter 3) for software calibration indicated an exponential shrinkage height 
at the billet pipe for mould temperatures below 300 oC, where the range of 23 
to 27 ml and 14.6 to 24.58 mm shrinkage volume and height respectively were 
consistent for higher mould pouring temperatures at 700±10 oC melt 
temperature. The chill zone fine microstructure was also found to penetrate 
approximately 3.5 mm and 9.5 mm for naturally cooled NaCl+KCl and KCl+Ti 
flux infused billet casting respectively at section F – F for E sample (refer to 
Figure 3.2 sample position). 
Thereafter, the foundry research component studied at different cooling or 
different RHS mould tempering parameters for KCl+Ti and TiB2 infused A356.0 
summarised the unstable correlation between cooling rate and percentage 
porosity for macrostructure observed in 2 dimensional analyses. However, the 
orientation of microporosity was observed to be close to the LHS mould 
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interface. Tensile tests maximum force for similar scenarios indicated the 
morphology of A356.0 porous structure to increase above the tempering 
position (zone 06 – refer to Figure 5.1) with decreasing cooling, and a decrease 
at zone 06 and below with increasing cooling rate. Mechanical properties 
indicated slight differences between the matrix and those noted in ASM 
Volume 15 Casting book (1998). Piyada Suwanpinij and Kitkamthorn et al. 
(2003) as well as Handleigh Castings Technology (2012) report the impurity 
limits and the formation of intermetallics as a result of process which then 
debases the expected properties of A356.0 alloy [15] [54]. A three-point 
system microscale study across a zone in Chapter 4 (refer to Figure 4.1 for 
sampling) indicated larger SDAS in the middle with respect to the chill zone of 
the sample. This defined a near sound casting or decrease in percentage 
porosity for that specific zone on the sample. Proper study of the solidification 
transition between interfaces (progressive solidification) on each zone could 
not be addressed on the chill zone sample centre for chill zone sampling 
method in the chapter (Chapter 4).  
Therefore, the study to address true solidification phenomenon (progressive 
and directional) for research components of KCl+Ti and NaCl+KCl flux infused 
A356.0 alloy with additions of TiB2 5:1 master alloy rods was performed using 
a five-point sampling method for microscale study across each zone in Chapter 
5. The computational domain for the foundry fundamental casting approaches 
was further refined from 40 foundry casting cycles and/or samples as well as 
8 randomly selected samples to confirm repeatability and performance of the 
foundry process. In Chapter 5, both sample batches indicated a progressive 
increase in porosity with respect to the number of die casting shorts. The 
computational model was found to replicate foundry experienced results after 
6 simulation cycles for 450 oC initial mould temperatures at default lpdc 
boundary conditions and C800 mould interfaces. This orientation showed 
similarities to those experienced in the prior casting trial (Chapter 4). The use 
of microstructure and solidification parameters showed a distinct SDAS 
difference between both alloy batches due to alloy average compositions with 
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computational fraction liquid indicating a prolonged local solidification for 
bottom sections of the sample.  This explained the zone porosity projected by 
both the computational and foundry samples (refer to Figure 6.12 : “a1”; 
Appendix B: and Appendix D: respectively). Manually computed local growth 
rates with the use of Equation 1 and Equation 4 from MAGMA5 computed 
tooling gradients and measured SDAS indicated directionally accelerated 
growth rates at the transition zone near the LHS mould interface for hot boxed 
zones and constant growth rates at the chill zones; however, at different  curve 
gradients and sample centres experienced exponential drop.  Tensile tests 
conducted in Chapter 5 between batches indicated no significant difference in 
mechanical properties at similar casting process and sample casting number. 
Casting process/es of Chapter 4 and 5 indicated that long casting and cooling 
cycles improve the mechanical properties of the A356.0 research component 
with however, decreasing maximum strain for NaCl+KCl flux treated alloy and 
inconclusive results for the KCl+Ti fluxed batch.  
Microstructures, macrostructures, tensile results and computational analysis 
indicated consistency with porosity orientation and no vast microstructure 
differences between batches. Virtual optimisation indicated slight 
improvements in microporosity on the sample at similar casting processes. 
Application of virtual optimisation for mould sketch point geometric parameters 
at a lower melt temperature of 680 oC and current foundry tooling material 
indicated weak influence on the decrease of micro- and macroporosity.  A new 
fundamental approach to offset micro- and macroporosity to machining 
allowance towards the RHS mould by application of higher heat transfer 
coefficient and low specific heat capacity LHS mould when compared to the 
RHS mould was proposed. Results achieved with this approach indicated that 
the material combination to offset micro- and macroporosity on symmetrical 
castings has a strong influence in achieving final machined sound castings. 
Further investigation on the progressive increase in foundry porosity could lead 
to other ways to stabilise the foundry process.  Full reverse optimised 
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MAGMA5 HTCs for all foundry cooling pipes at mean cooling rate to limit the 
amount of work may also lead to a better computationally developed casting 
and cooling process. Detailed computational study focusing on the minimum 
possible melt filling temperatures for each size of the foundry components with 
probably less formation of cold shuts on the research section should be 
conducted. Lastly, stress definition for this study, which optimised tooling and 
its implication in final raw casting deformation will need to be fully studied 
before implementation of proposed tooling and process. Figure 3.7 indicates 
fine microstructures and differences between NaCl+KCl and KCl+Ti flux 
treated alloys for billet castings; however, similar alloys of the research 
component show no significant microstructure differences or any as fine as 
those experienced in the billet casting of Figure 3.7 for the KCl+Ti alloy. 
Therefore, stabilised process and improved tooling combination for LHS and 
RHS moulds which may refine research component microstructure evident in 
Figure 3.7 for KCl+Ti infused alloy is possible. 
Conclusively, virtual optimisation or numerical analysis done in research 
foundry calibrated conditions of MAGMA5.3 suggests that, microporosity is 
less probable to sellable casting on the research component when foundry 
tooling is set in the order of LHS mould having higher heat transfer coefficient 
and low specific heat capacity when compared to RHS mould. 
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Appendix A: Proposal 
Outline of Solution Methodology 
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Appendix B:  
Chapter 4 Mirror polished samples 
 
Figure 7.1: Mirror polished chapter 4 samples 
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Appendix C:  
Chapter 4 – Etched Samples 
 
Figure 7.2: A356.0 research component microstructures with "b - alloy" analysed at 1x 
magnification, etched on 120 ml and 20 g solution of water and cupric chloride for S01 
(3 bars; 95 Nm3/hr), S03 (4 bars; 120 Nm3/hr), S04 (1 bar; 75 Nm3/hr) forced cooled and 
S05 (0 bar; 0 Nm3/hr) samples.  
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Appendix D:  
Chapter 5 Mirror Polished and Etched Macrostructures  
 
Figure 7.3: As–cast A356.0 mirror polished research component samples. 
 
Figure 7.4: As–Cast A356.0 research component showing microstructures treated with 
(a) NaCl+KCl flux and (b) KCl+Ti flux, both having similar additions of TiB2 5:1 master 
alloys analysed at 1x magnification, etched on 120 ml and 20 g solution of water and 
cupric chloride.  
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Appendix E:  
Chapter 5 Test area M1, M2, M3, M4 and M5 average SDAS characteristic 
results as per test zone for alloys treated with (a) NaCl+KCl and (b) KCl 
+Ti flux. 
 
 
Figure 7.5: M1 Average Secondary Dendrite Arm Spacing Characteristic results as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
 
 
Figure 7.6: M2 Average Secondary Dendrite Arm Spacing Characteristic results as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
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Figure 7.7: M3 Average Secondary Dendrite Arm Spacing Characteristic results as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
 
Figure 7.8: M4 Average Secondary Dendrite Arm Spacing Characteristic results as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
 
Figure 7.9: M5 Average Secondary Dendrite Arm Spacing Characteristic results as per 
test position (Zone) for alloys treated with KCl+Ti (....R_82_BC) and NaCl+KCl 
(.....R_24_BC). 
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Appendix F:  
Chapter 5 Microstructures analysed at 100x magnification. 
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Microstructures covered in this appendix were taken from three test zones of 
the processed samples (02, 06 and 16 – refer to Figure 5.1 for zone locations). 
Microstructures were taken at areas which indicated higher eutectic phase 
fraction (refer to 5.5 Summary) at each of the test positions (M1 to M5). 
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Appendix F:  
Chapter 5–Zone 2 to 16 of M1 to M5 – local thermal gradient (oC/mm) as a 
function of local solidification time curves for 30% feeding effectivity 
MAGMASOFT alloy (b) A356.0 treated with KCl+Ti flux (refer to Figure 3.14). 
 
Figure 7.10: Zone 2 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
 
Figure 7.11: Zone 4 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
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Figure 7.12: Zone 6 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
 
Figure 7.13: Zone 8 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
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Figure 7.14: Zone 10 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
 
Figure 7.15: Zone 12 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
0,0
1,0
2,0
3,0
4,0
5,0
6,0
23,0 24,0 25,0 26,0 27,0 28,0 29,0
Lo
ca
l T
he
rm
al
 G
ra
di
en
t (
0 C
/m
m
)
Local Solidification Time (s)
Zone 10 - Local Thermal Gradient (0C/mm) as a function of local solidification time (s) characteristic 
curve
M1 - Dendrite Growth - (b) KCl+Ti
M2 - Dendrite Growth - (b) KCl+Ti
M3 - Dendrite Growth - (b) KCl+Ti
M4 - Dendrite Growth - (b) KCl+Ti
M5 - Dendrite Growth - (b) KCl+Ti
Avarage GM1 = 2,984 0C/mm 
Avarage GM2 =  1,687 0C/mm 
Avarage GM3 =  0,350 0C/mm 
Avarage GM4 =  2,685 0C/mm 
Avarage GM5 =  4,510 0C/mm
0,0
1,0
2,0
3,0
4,0
5,0
6,0
23,0 24,0 25,0 26,0 27,0 28,0 29,0
Lo
ca
l T
he
rm
al
 G
ra
di
en
t (
0 C
/m
m
)
Local Solidification Time (s)
Zone 12 - Local Thermal Gradient (0C/mm) as a function of local solidification time (s) characteristic 
curve
M1 - Dendrite Growth - (b) KCl+Ti
M2 - Dendrite Growth - (b) KCl+Ti
M3 - Dendrite Growth - (b) KCl+Ti
M4 - Dendrite Growth - (b) KCl+Ti
M5 - Dendrite Growth - (b) KCl+Ti
Avarage GM1 = 3,677 0C/mm 
Avarage GM2 =  1,767 0C/mm 
Avarage GM3 =  0,252 0C/mm 
Avarage GM4 =  3,015 0C/mm 
Avarage GM5 =  3,854 0C/mm
Appendix F  Chapter 5 Zone 2 to 6 of M1 to M6 (oC/mm) 
181 
 
 
Figure 7.16: Zone 14 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
 
Figure 7.17: Zone 16 - Local thermal gradient (oC/mm) as a function of local solidification 
time (s) characteristic curve. 
This appendix covered MAGMA5’s user “alloy b” local thermal gradient curves of 
samples tested on the study introduced in Chapter 5.  
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Zone 14 - Local Thermal Gradient (0C/mm) as a function of local solidification time (s) characteristic 
curve
M1 - Dendrite Growth - (b) KCl+Ti
M2 - Dendrite Growth - (b) KCl+Ti
M3 - Dendrite Growth - (b) KCl+Ti
M4 - Dendrite Growth - (b) KCl+Ti
M5 - Dendrite Growth - (b) KCl+Ti
Avarage GM1 = 3,616 0C/mm 
Avarage GM2 = 2,199 0C/mm
Avarage GM3 = 0,191 0C/mm 
Avarage GM4 = 2,610 0C/mm
Avarage GM5 = 4,219 0C/mm 
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Zone 16 - Local Thermal Gradient (0C/mm) as a function of local solidification time (s) characteristic 
curve
M1 - Dendrite Growth - (b) KCl+Ti
M2 - Dendrite Growth - (b) KCl+Ti
M3 - Dendrite Growth - (b) KCl+Ti
M4 - Dendrite Growth - (b) KCl+Ti
M5 - Dendrite Growth - (b) KCl+Ti
Avarage GM1 = 4,022 0C/mm 
Avarage GM2 = 2,628 0C/mm
Avarage GM3 = 0,068 0C/mm 
Avarage GM4 = 2,738 0C/mm 
Avarage GM5 = 4,183 0C/mm 
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Appendix G:  
Table 19: MAGMA data table for first 35/98 computed designs 
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Appendix H:  
 
Figure 7.18: Nikon Eclipse MA100 Image 
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 Figure 7.19: Nikon Eclipse MA100 System diagram, red selections for local foundry 
system configuration/s. 
